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FOREWORD 
This i s  one of t h r e e  f i n a l  r e p o r t s  on a program to design and evaluate 
active cooling systems for a Mach 6 cruise vehicle.  The work has been accom- 
pl ished  by  the B e l l  Aerospace Company under contract NASI-7468 wi th   the  
National Aeronautics and Space Administration, Langley Research Center, Hampton, 
Virginia.  F. M. Anthony was program manager, and the  p r inc ipa l  i nves t iga to r  
during the course of the  cont rac t  was e i t h e r  W. H. McConarty o r  R. G. Helenbrook. 
Other personnel contributing t o   t h i s  program were W. N. Meholick ( s t r u c t u r a l  
design and analysis) ,  M. S. Jan is  (hea t  t ransfer  ana lyses) ,  D. L. Gillis 
( technical  analyses) ,  J. Witmer, H. Yee, J. Witsil, and P. Mitchell. D. E. 
Fetterman and P. L. Lawing were the NASA contract  monitors .  Final  reports  
have been prepared f o r  each of  three par ts .  
ci? \ '4 (0 
l ! j  f. > 3, Par t  I - Design  and  Evaluation 
Cruise Vehicle Wings. 
Par t  I1 - Evaluation of Active 
Transport Airframe. 
of Active Cooling Systems f o r  Mach 6 
Cooling Systems f o r  a Mach 6 Hypersonic 
- 
Par t  111 - Design of  a Convective Cooling System f o r  a Mach 6 Hyper- 
sonic Transport Airframe. 
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EVALUATION OF ACTIVE COOLING SYSTEMS FOR A 
MACH 6 HYPERSONIC  TRANSPORT  AIRFRAME 
by R. G. Helenbrook, W. A. McConarty, and F. M. Anthony 
B e l l  Aerospace Company 
SUMMARY 
An analyt ic  s tudy was  made of  t ranspi ra t ion  and convective cooling concepts 
fo r  t he  fuse l age  and t a i l  surfaces of a Mach 6 hypersonic  t ransport  a i rcraf t .  
Coolants included hydrogen, helium, and water. Structural temperatures were 
va r i ed  to  a l low comparison of aluminum a l loy ,  t i t an ium a l loy ,  and superal loy 
construct ion mater ia ls .  Heat sh ie lds  and r ada t ion  ba r r i e r s  were considered to  
reduce heat flow to  convec t ive ly  cooled  s t ruc tures .  Weight  and insu la t ion  
requirements for the cryogenic fuel tanks were examined so t h a t   r e a l i s t i c   t o t a l s  
could be est imated for  the fuselage and t a i l .  These to t a l  va lues  were  combined 
with resul ts  obtained during a previous study of the wing s t ruc ture  of  the  
a i r c ra f t  ( r e fe rence  1 2 )  t o  estimate t o t a l  w e i g h t s  f o r  t h e  complete airframe. 
The cooled concepts were compared among themselves and with the uncooled air-  
frame on the basis of structural  weight,  cooling system weight,  and coolant 
weight. 
The primary conclusion reached as a result of  th i s  s tudy  i s  tha t  the  weight  
of a cooled airframe structure,  including the weight of the cooling system, for 
a hypersonic transport  aircraft  can be equal o r  less  than  the  weight  of  an 
uncooled airframe. Furthermore, it is  expected that  addi t ional  weight  benefi ts  
w i l l  a r i s e  from the lower internal temperature associated with a cooled airframe 




In  the  deve lopment  of  a .dvanced  f l igh t  sys tem such  a . s  
hype r son ic  c ru i se  veh ic l e s  t he  e s t a .b l i shmen t  o f  a f i r m  techno- 
l o g i c a l  b a s e  i s  e s s e n t i a l  b e f o r e  a major  a . i rcra . f t  program i s  
undertaken. To e s t a b l i s h  t h i s  t echno log ica l   base  a q u a n t i t a t i v e  
de f in i t i on  o f  t he  des ign  in t e rac t ions  o f  ma jo r  sys t ems  i s  nec- 
e s s a r y .  The o b j e c t i v e  of  t h e  work r e p o r t e d   h e r e i n  was  t o  r e a l i s -  
t i c a l l y  d e f i n e ,  e v a l u a t e ,  and  compare a .c t ively  cooled  concepts  for 
h y p e r s o n i c  c r u i s e  v e h i c l e s  a n d  t o  i d e n t i f y  t h e  t e c h n o l o g i c a l  
p r o b l e m s  r e q u i r i n g  f u r t h e r  i n v e s t i g a t i o n .  
T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  o f  t h e  s e c o n d  t a s k  i n  a 
s e r i e s  o f  f e a . s i b i l i t y  s t u d i e s  c o n c e r n e d  w i t h  a c t i v e  c o o l i n g  o f  
h y p e r s o n i c   c r u i s e   v e h l c l e s .  The f i r s t  t a s k   o f   t h e s e   s t u d i e s  
concentrated on t h e  wing  of a t y p i c a l  h y p e r s o n i c  c r u i s e  v e h i c l e  
and inves t iga t ed  the  in f luence  o f  ae rodynamic ,  t he rma l  a.nd s t r u c -  
t u r a l  i n t e r a c t i o n s  a s  t hey  a f f ec t ed  the  to t a .1  we igh t  of' a c t i v e l y  
cooled  wings. A v a r i e t y  o f  d i r e c t  a.nd i n d i r e c t   c o o l i n g   c o n c e p t s  
were  examined f o r  a range  of sweep angles  f rom 0"  t o  75" t o  
ident i fy   sys tem  weight  and coolant   requirements .  The d i r e c t  con- 
cepts which were considered included 1) t r a n s p i r a t i o n  c o o l i n g  w i t h  
hydrogen,  helium, a i r  and water ,  2 )  f i lm c o o l i n g  w i t h  t h e  sa.me 
c o o l a n t s ,  3 )  convective  cooling  with  hydrogen a n d  a i r ,  and 4 )  
spray   cool ing   wi th   water  a.nd l i t h i u m .  For t h e   i n d i r e c t   s y s t e m s  
h e a t  i n p u t  t o  t h e  s t r u c t u r e  was absorbed by a c i r c u l a t i n g  f l u i d  
and t r a n s f e r r e d  t o  t h e  h y d r o g e n  f u e l  i n  a heat   exchanger .  Wa.ter- 
g l y c o l  and s i l i c o n e  were  xamined a s  c i r c u l a t i n g  f l u i d s .  A r a d i a -  
t i on   coo led   conf igu ra t ion  was i n c l u d e d   f o r   r e f e r e n c e .  The Ta.sk 
Two s t u d i e s  a r e  p r e s e n t e d  h e r e i n  a.nd a re  concerned  wi th  the  des ign  
of a.n a c t i v e l y  c o o l e d  a i r f r a m e  f o r  a Mach 6 c r u i s e  v e h i c l e .  Cool- 
ing of the propulsion system components was n o t  i n v e s t i g a t e d .  
Empha.sis was devoted t o  s t u d i e s  o f  c o o l i n g  s y s t e m s  f o r  t h e  f u s e l a g e  
and t a i l  sur faces .   Convect ive  and t r a n s p i r a t i o n   c o o l i n g   c o n c e p t s  
which  were  found t o  be  the most promising f o r  t h e  wing  were i n v e s t i -  
g a t e d   f o r   t h e   r e s t   o f   t h e   a i r f r a m e .   I n   a d d i t i o n ,   w e i g h t s  were 
determined  for  cooled and  uncooled  fuselage and t a . i l  s u r f a c e  
s t r u c t u r e s  and t y p i c a l  i n s u h t i o n  s y s t e m s  were compa.red for t h e  
hydrogen  tanks.   Resul ts   f rom  these  s tudies   were  conbined  with 
those  of t h e  wing s tudies ,  Task  One, t o  provide  comparative d a . t a  
for  comple te  a i r f rames  based  on var ious cooled and uncooled 
concepts .  The r e s u l t s  a l s o  p r o v i d e  an i n d i c a t i o n  of  t h e  i n t e r -  
action of a. irfra.me cooling system f l o w  r a t e  and weights  wi th  engine  




AND STRUCTURAL  DESIGN CRITERIA 
The base l ine  conf igura t ion  used  for  bo th  th i s  s tudy  and  for  the  Task 
One wing s tud ie s  was .developed i n  Reference 1. Figure 1 shows t h i s  base- 
l i n e   d e l t a  wing vehicle configuration and defines the locations of t h e  
fuel  tanks,  passenger ,  crew, and cargo compartments, and primary control 
surfaces .  The' 65' swept wing has a span of 108 feet and an area of 
approximately 7000 square feet .  The horizontal  t a i l  has a span of 50 
f e e t  , a leading edge sweep of 55' , a t r a i l i n g  edge sweep of 30°, and an 
area of approximately 1100 square feet .  The v e r t i c a l  t a i l  has a lead- 
ing  edge sweep of 65', a t r a i l i n g  edge sweep of 45', and an a rea  of 
approximately 900 square feet. Fuselage  length i s  314 f ee t .   U t i l i z ing  
da ta  from Reference 1 wherever possible and supplementing these data 
wi th  se lec ted  da ta  from References 2 through 5 , a s e t  o f  s t ruc tura l  
design cr i ter ia  are  presented in  the fol lowing paragraphs.  
The mission prof i le  used for  this  s tudy w a s  a lso obtained from 
Reference 1, and i s  reproduced i n  f i g u r e  2. Maximum Mach nmber  i s  
reached a t  an altitude of approximately 91,000 f e e t .  However, as  shown 
i n  f i g u r e  3, the angle  of a t t ack  i s  qu i t e  low, and as shown i n  f i g u r e  4 ,  
t he  fue l  f l ow ra t e  i s  151,200. During the constant Mach number climb t o  
c ru i se  a l t i t ude ,  t he  ang le  of attack reaches 8.3'. A t  an a l t i t ude  o f  
102,120 f e e t  , c ru i se  i s  i n i t i a t e d  a t  an angle of a t tack of  5.1', and a 
fuel f low rate of 81,300. It was expec ted ,  therefore ,  tha t  the  c r i t i ca l  
design point for cooling systems would o c c u  between t h e  two a l t i t u d e s  
mentioned above. Since the  tabula ted  t ra jec tory  da ta  of  Reference  1 did 
not contain points between these  two a l t i t u d e s ,  a design point of Mach 6,  
100,000 f e e t ,  and 8.3' angle of attack was assumed for  the cool ing 
system studies. The fue l  f l ow ra t e  at t h i s  p o i n t  i s  147,000 lb /h r .  
Figure 4 which presents  a weight versus time projection for the 
base l ine  vehic le  i s  developed i n  Reference 1. The vehicle  takeoff  
weight i s  approximately 52l,OOO pounds while the landing weight i s  
339,000 pounds. This indicates that during a t y p i c a l  f l i g h t ,  182,000 
pounds of  hydrogen f u e l  i s  consumed. Also shown i n  f i g u r e  4 i s  t h e  
hydrogen f u e l  f l o w  r a t e  as a function of time. This da ta  w i l l  be 
used l a t e r   t o  compare hydrogen flow rate requirements for cooling systems 
with fuel f low requirements.  A detailed weight breakdown f o r  t h e  base- 
l i ne  veh ic l e  was obtained from Reference 1 and i s  presented in  Table  I. 
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Figure 1. Delta Wing Confiwration (from Reference 1 ) .  
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U t i l i z i n g  t h e  d a t a .  i n  T a b l e  I the Design Maximum Weight wa.s 
assumed t o  be the weight  of t h e  a i r p l a n e  w i t h  f g l l  f u e l  aboa.rd 
(520,625 l b . ) .  The Design  Landing  Weight was a.ssumed t o  be t h e  
we igh t  o f  t he  a i rp l ane  with 10% i n t e r n a l  f u e l  a.board (356,000 l b . ) .  
The Design Cruise Weight was  a.ssumed t o  be the  weight  of t h e  a i r -  
p l ane  wi th  80% i n t e r n a . 1  f u e l  aboa.rd (484,500 l b .  ).  
For the  de t e rmina t ion  of f l i g h t  l o a d s ,  t h e  v a r i a t i o n  o f  t h e  
s l o p e  o f  t h e  t o t a l  a . i r c r a f t  l i f t  curve (C,) was es t imated  us ing  
Reference 1. Maneuver load  f ac to r s  were  a.ssumed t o  be  2.5g for 
s p e e d s  l e s s  tha.n Mach 3 a.nd 2 .0g  for  speeds  grea . te r  than  Ma.ch 3, 
representa . t ive  of  a symmetrical pull-up maneuver. 
P o s i t i v e  and n e g a t i v e  g u s t  v e l o c i t i e s  a p p l i c a b l e  t o  t h e  
hypersonic speed regime of t he  bas i c  mis s ion  p ro f i l e  were  ca . l cu -  
la. ted by m u l t i p l y i n g  a. 25 f p s  g u s t  v e l o c i t y  by a n  a l t i t u d e  c o r r e c -  
t i o n   f a . c t o r  a.s  obtained  from  Reference  2. The equiva , len t   gus t  
v e l o c i t y  for Ma.ch 6 and a 91,300 f t  a . l t i t u d e  i s  9.7 f p s .  The 
91,300 f t  a . l t i t u d e  was  s e l e c t e d  a s  t h e  minimum a l t i t ude  a . t  wh ich  
Ma.ch 6 would  be reached,  Reference 1. The gus t   load   fa .c tors   were  
computed a s  shown i n  Reference 2. Using   t h i s   p rocedure   t he   ca l cu -  
la . ted   hypersonic   gus t   load   fac tors  a r e  + 1.14g and  -0.86g.  Since 
t h e  p o s i t i v e  g u s t  l o a d  f a c t o r  was l e s s  t han  the  2 .0g  used  fo r  t he  
symmet r i ca l  pu l l -up ,  ve r t i ca l  shea r  a.nd  moment d i s t r i b u t i o n s  for 
gust  were not  generated.  
P o s i t i v e  a.nd nega . t ive  gus ts  of 50 f p s  were  considered  a.ppli- 
cab le  for  the  subsonic  speed  reg ime of  t h e  b a s i c  m i s s i o n  p r o f i l e .  
The 50 f p s  g u s t  v e l o c i t y  was  obtained  from  Reference 2 .  Using  the 
c r i t e r i a  d e s c r i b e d  i n  R e f e r e n c e  2 ,  a subson ic  gus t  cond i t ion  was  
i n v e s t i g a t e d  at the  t ime of  maximum f r e e  s t r e a m  dynamic p r e s s u r e ,  
M = 0.80 a n d  h = l 5 , O O O  f e e t .  A s  i n  t he  2 .5g  symmet r i ca l  p u l l  up 
descr ibed above,  the design maximum weight was  used a s  w e l l  a.s t h e  
Cn da . ta . .  Using t h i s   p r o c e d u r e ,   t h e   g u s t  1oa.d f a c t o r s  were  calcu- 
l a t e d  t o  be + 2.26g and -0 .26g .   S ince   the   pos i t ive   gus t   load  
f a c t o r  was l e s s  tha.n the 2.5g used f o r  the symmetr ical  pul l -up,  
v e r t i c a l  s h e a r  and moment d i s t r i b u t i o n s  were no t  gene ra t ed .  
A .  FUSELAGE LIMIT LOADS 
Based  on the  p reced ing  cons ide ra . t i ons  fou r  des ign  con- 
d i t i o n s  were s e l e c t e d  a s  p o t e n t i a l l y  c r i t i c a . 1  f o r  t h e  f u s e l a g e .  
For ta .xi ing,   landing,  a. subsonic  2.5g  symmetrical   pull-up, a.nd a 
hypersonic  symmetr ical  pul l -up condi t ion,  shear  and  bending moment 
d i s t r i b u t i o n s  were  computed u t i l i z i n g  t h e  f u s e l a g e  w e i g h t  b r e a k -  
down from  Table I. These  conditions  a,re  described  below. 
1.. Taxiing- Two ta .xi   condi t ions  were  invest iga. ted 
u s i n g  a.n a i rc ra . f t  des ign  gross  weight  of  521 ,000  l b s  and t h e  dea.d 
we igh t   d i s t r ibu t ion   g iven   i n   Tab le  I. The t ax i   Cond i t ions   u sed   a r e  
described  below: 
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TABLE I 








































































Basic  Enclosing  Structure 
Pressurlzed  Compartments 
nain Propulsion 
Englne  and  Accessories 
Alr Induction 
Kacelles,  Pods.  Pylons, Sup. 
Fuel Containers and Supts 
Propellant  Insulation 
Fuel System 
Pressurization  System 
Lubricating  System 
ierodynamlc  Controls  (Body ) 
W m e  Power  Sources 
Engine or Gas Gen.Unlts 
Power  Source  Tanks  and  Systems 
1ower  Conversion  and  Distribution 
Electrical 
Hydraulic/Pneumatic 
:uldance and  Navigatlon 
netrumentation 
:ommunication 























































































































Compt  Insulation 
Landing Gear 
Aerodynamic  Surfaces 
Wing and U'lng Mounted 
Control  Surfaces 
Vertlcai  Surfaces 
Horizontal  Surfaces 
Personnel Provisions 
Accomodations for Personnel 
Fixed Life Support 
Furnishings and Cargo Hdlg 
116 , 
529 5 2 1  521 
4,000 
Last Item of Table I .% 1 I845 845 : 660 450 I5 I 185 I Emergency  Equlpment I 
ThBLE 1 I CONT ) 
I STATION LOCATION 
r O " 6 0 '  I tiU"80' SO"100' ~ lOO"120'1 120"140" 140"160' I 160"180'. 180'-200' I 200'-220' 
220'-240' 240'-260' I 260'-280' I 280"3(10' 
Crew  Station i I  
Controls  and  Panel6 200 
Dry Structure- Not locl:  Aem 1 (1.159)1(8.260) 




100 1 I , I I 






Crew.  Gear and Accessories 
Crew. Llfe  Support 
Cargo 
























25 ! I !  I 
I 
I 
Residual  Propel. and Servlce  Items 
Tank Pressurization Gas 
Trapped Fuel 
Servlce  Items  Resid. 
Reserve  Propel. and Serv. Item 
Power  Source  Propel. 
Lubricants 
Wet Structure 
In-flight  Losses 
Fuel Vent 




Takeoff.  Climb. Acc. 
Cruise 
Descent 




1. Aero. Surfaces 
2. Aero. Surface  Controls 
Not in Body 
































28,610 I 34.920  37,910 1.159 9.035 n9.973 39,441 15.060 3.304 1.907 417 1 ! 
S t a t i c  Taxi Condition (MIL-A-8862) - Ca.lculate 
l a n d i n g  g e a r  r e a c t i o n s  w i t h  a t h r e e  p o i n t  a i r c r a f t  a t t i t u d e  and 
mul t ip ly  gea r  r ea . c t ions  by 2.0 b e f o r e  c a l c u l a . t i n g  s h e a r  and bend- 
i n g  moment d i s t r i b u t i o n s .  
Dynamic Taxi Conditions. - Calculate landing gear 
react ions from impulse and s t a t i c  l o a d s  on nose gear and main gear according 
t o  method presented in Reference 6 .  
2.  Horizonta.1 T a i l  Down Landing - For a horizonta .1  
t a . i l  down 1a.nding both the ba.sic mission and an a.bort  mission 
were  considered.  During a.n a b o r t   m i s s i o n   i n t e r n a . 1   f u e l  i s  dumped 
so  i t  wa.s a.ssumed that  only  10% o f  t h e  f u e l  i s  a.board f o r  b o t h  t h e  
ba.sic a.nd abor t   miss ion   landings .   Dur ing   an   abor t   miss ion ,  Ta,nk 
No. 4 i s  t h e  las t  tank  empt ied ,  whi le  dur ing  the  bas ic  miss ion ,  
Tank No. 1 i s  t h e  l a , s t  emptied.  The 10% r e s i d u a l  f u e l  wa,s l o c a t e d  
i n  t h e  a . f t  p o r t i o n  o f  t h e  p a , r t i c u l a r  t a n k  i n v o l v e d .  The 1. Og a . i r -  
l o a d s  f o r  t h i s  c a s e  were determined by a.ssuming a. c e n t e r  o f  p r e s s u r e  
1oca.t ion a . t  35% chord  for  the  de l ta .  wing  and a t  25% c h o r d  f o r  t h e  
h o r i z o n t a l  t a i l .  Wing loads   were   in t roduced   in to   the  body a t  a. 
number  of  body s t a t i o n s  t o  s i m u l a t e  i n d i v i d u a l  w i n g  s p a r  a . t t a c h -  
ment p o i n t s  w h i l e  t h e  t a i l  l o a d  wa,s i n t roduced  in to  the  body a.s a 
concent ra ted   load .  The v e r t i c a l  gea.r 1oa.d was determined  a.ssuming 
a ground  react ion  fa .c tor ,   g ,   of   2 .0 .  A horizonta.1  springba.ck 
l o a d  e q u a l  t o  50% of' t h e  v e r t i c a l  1oa.d  was a l s o  i n c l u d e d .  
3. Subsonic  2.5g  Sym-netrical   Pull-up - For t h i s  
condition the 2.5g a.erodynamic l i f t  was  d i s t r i b u t e d  i n  t h e  sa.me 
manner as t h e  1.Og l i f t  f o r  t h e  h o r i z o n t a l  t a . i l  down 1a.nding  con- 
d i t ion  descr ibed  above  except  tha . t  the  center  of  pressure  wa.6 
l oca t ed  a . t  45% chord.  The des ign  ma.ximum weight  of  521,000  pounds 
was used s ince the subsonic  regime occurs  during a s h o r t  i n t e r v a l  
of' t i m e  a f t e r  t a k e o f f .  
4 .  Hypersonic  2.0g  Symmetrical   Pull-up - The 2 .0g  
a.erodyna.mic l i f t  was d i s t r i b u t e d  a.s  a.bove w i t h  t h e  c e n t e r  of 
p r e s s u r e  a . t  45% chord.  The design  cruise   weight   of   484,500  pounds 
wa,s used for t h i s  c o n d i t i o n .  
F igu res  5 and 6 summarize  the  shear a.nd bendLng 
moment d a . t a .  The t a . x i i n g   c o n d i t i o n s   p r o d u c e   p o t e n t i a l l y   c r i t i c a l  
v e r t i c a l  shea.?? load ings  in  the  fo rward  a.nd a f t  a , rea ,s  of  the fuse-  
l a g e .  The  dynamic t a . x i i n g   c o n d i t i o n   r e s u l t s   i n  a. pea.k p o s i t i v e  
v e r t i c a l  s h e a r  due to  nose  gea . r  loading  of  3OO,OOO l b .  a . t  a. body 
s t a t i o n  of 720 inches .  The s t a t i c   t a x i i n g   c o n d i t i o n   y i e l d s  a. 




main  gea.r a t  a body s t a t i o n  of 2320  inches.   Landing  conditions 
do  not  appear  as  severe  as  t ax i ing  cond i t ions  f rom a v e r t i c a l  
shea r  l oad ing  cons ide ra t ion .  L imi t  body v e r t i c a l  b e n d i n g  moments 
are  p resen ted   i n   F igu re  6. The l a r g e s t   p o s i t i v e   b e n d i n g  moment 
of  90 m i l l i o n  i n .  l b .  i s  produced by t h e  dynamic t a x i i n g  c o n d i t i o n  
a.nd occurs between the nose gea.r and main gea.r a t  a body s t a . t i o n  
of 1440 i n c h e s .  The l a r g e s t  n e g a t i v e  b e n d i n g  moment of 242 
m i l l i o n  i n .  l b .  i s  a r e s u l t  o f  a h o r i z o n t a l  t a i l  down landing  
and occurs a t  a body s t a t i o n  of 2300 inches. 
F igure  5 and 6 a l s o  p r e s e n t  t h e  s y m m e t r i c a l  p u l l  
up  loadings for both   the   subsonic  and hypersonic   cases .  The hyper- 
s o n i c  l o a d i n g s  a p p e a r  s l i g h t l y  more severe  than  the  subsonic  load-  
i n g s .  The ma.ximum nega. t ive  ver t ica .1   shea.r  f o r  both   cases  i s  about 
l7O,OOO l b  and occurs  between body s ta t ions of  1200 inches and 
l 5 O O  i n c h e s .  The maximum p o s i t i v e  v e r t i c a l  s h e a r  of' 165,000 l b .  
occurs  a . t  a body s ta . t ion  of  2650 inches  and i s  due t o  t h e  h y p e r -  
sonic  2.0g  maneuver. The l i m i t  bending moments for   both  maneuvers  
a.re a.bout the sa.me w i t h  t h e  hypersonic  ca . se  y ie ld ing  a ma.ximum 
bending moment of 165 m i l l i o n  i n .  l b .  a.t a body s t a t i o n  o f  1900 
i n c h e s .  
B. HORIZONTAL AND VERTICAL TAIL LIMIT LOADS 
To es t ima. te  the  l i m i t  l o a . d s  f o r  t h e  h o r i z o n t a . 1  t a i l  
th ree  des ign  condi t ions  were  inves t iga , ted  and a h o r i z o n t a l  t a i l  
1oa.d of 3OO,OOO l b .  s e l e c t e d  f o r  prel iminary design purposes .  The 
i n v e s t i g a t i o n s  upon  which t h i s  d e c i s i o n  was based  a re  out l ined  
below. 
1. I n t r o d u c i n g  a 2 . 0   r a d / s e c 2   p i t c h i n g   a c c e l e r a t i o n  
i n  t h e  a i r c r a . f t ,  a t a . i l   l oad   o f  100,000 l b  i s  obtained.  This  con- 
d i t i o n  wa.s obtained from MIL-A-8861 a . i r c r a f t  s p e c i f i c a t i o n .  
2 .  For a pi tching  maneuver  a t  qmax = 1500 p s f ,  M = 
4.5,  o( = lo", and ( d C n / d O c ) T  = (dCn/doC) ,  t h e   e s t i m a t e d   t a i l  
1oa.d i s  380,000 l b s .  
3. Assuming a. s ta . t i c   marg in  of s t a , b i l i t y   e q u a l   t o  
20% of  t h e  mean aerodynamic chord.for q,, = 1500 p s f ,  M = 4.5, 
OCT = 10" and CnMT'= CnaW The r e s u l t i n g  t3il load i s  288,000 
l b .  Based  on the   above   cons idera t ions  a. design t a i l  load of' 
3 O O , O O O  l b .  was  chosen. To c a l c u l a t e  t h e  shea.r and moment a.nd 
t o r s i o n  on t h e  h o r i z o n t a l  t a . i l  a. subsonic  chordwise presskre d i s -  
t r i b u t i o n  y i e l d i n g  a. c e n t e r  of  p r e s s u r e  a t  25% chord wa.s assumed 
t o  produce maximum t o r s i o n .  Loads  were ca l cu la t ed   pe rpend icu la r  
t o  t h e  50% c h o r d  l i n e .  
The v e r t i c a . i  f i n  l o a d  was calcula.ted a.ssuming a. ma.xi- 
mum q x f3 of  2500 p s f .   I n   a d d i t i o n  C wa.s a.ssumed equa.1 t o  Cnw 
as  taken  from  Reference 4. A strea.mwKee p r e s s u r e  d i s t r i b u t i o n  
w i t h  t h e  c e n t e r  of  p r e s s u r e  a t  25% chord was  used  cor responding  to  
a. condi t ion where the v e r t i c a l  t a i l  i s  a.t am a.ngle of s i d e s l i p  w i t h  
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z e r o   c o n t r o l   s u r f a c e   d e f l e c t i o n .   T h i s   t e n d s  t o  maximize the 
v e r t i c a . 1  t a . i l  t o r s i o n .  
F i g u r e s  7 a.nd 8 p r e s e n t  t h e  limit ve r t i ca .1  shea r ,  
bending moment  a.nd t o r s i o n  f o r  t h e  h o r i z o n t a . 1  and v e r t i c a l  t a . i l s .  
Maximum values  of  shear ,  bending and tors ion loadings occur  a t  
the  r o o t  s t a t i o n s  and f o r  t h e  h o r i z o n t a l  t a . i l  a r e  - l50,OOO l b . ,  
-40 m i l l i o n   i n .   l b . ,  and -7.7 m i l l i o n   i n .   l b .   r e s p e c t i v e l y .  For 
t h e  v e r t i c a l t a i l  t he  maximum v a l u e s  of l a t e r a l  shear,  bending 
moment,  and t o r s i o n  are 88,000 l b . ,  17.8 m i l l i o n  i n .  l b .  and 2.8 
m i l l i o n   i n .  l b  r e s p e c t i v e l y .   L o a d i n g s   f o r   b o t h   t a . i l s   d e c r e a s e  
f rom the  maximum r o o t  v a l u e s  t o  z e r o  a . t  t h e  t i p .  
C.  A I R  LOAD/HEATING CRITERIA 
Tempera.ture e f f e c t s  on m a t e r i a l  p r o p e r t i e s  a r e  
included by s e l e c t i n g  a l l o w a b l e  s t r e n g t h s  w h i c h  a c c o u n t  f o r  
extended  exposure t o  t h e  maximum design  tempera,tures.  For  cooled 
s t r u c t u r e s  i n c o r p o r a . t i n g  a.luminum o r  t i t a .n ium a l loys ,  room temper- 
a . t u r e  s t r e n g t h  v a l u e s  a r e  r e d u c e d  t o  a c c o u n t  for a. 5000 hour 
exposure  time a . t  i t s  maximum ope ra t ing  t empera tu re .  For uncooled 
s t r u c t u r e s  u t i l i z i n g  I n c o n e l  718, s t r e s ses  a . r e  s e l ec t ed  to  a . ccoun t  
f o r  d e g r a d a t i o n  d u e  t o  3000 hours  a t  maximum ope ra t ing  t empera tu re .  
It w i l l  be noted t ha t  due t o  i t s  lower  opera t ing  tempera ture  the  
coo led  s t ruc tu re  ope ra , t e s  a t  i t s  maximum t e m p e m t u r e  f o r  a. h i g h e r  
pe rcen ta ,ge  o f  t ime  dur ing  each  f l i gh t  t han  the  ho t  s t ruc tu re .  
D. FACTORS OF SAFETY 
The l o a d s   s p e c i f i e d   h e r e i n   a r e  limit l o a d s .  A y i e l d  
fa .c tor  of  sa . fe ty  of  1 . 0  a.nd a.n ult . ima,te fa.ctor o f  s a f e t y  o f  1 . 5  
were   used .   L imi t   loads   a re   mul t ip l ied  by the u l t i m a t e   f a c t o r  
of s a fe ty  to  ob ta , in  u l t ima . t e  1oa .ds .  
i4 
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FUSELAGE  HEAT LOAD AND TEMPERATURE DATA 
In  t h i s  sect ion aerodynamic hea. t  t ra .3sfer  da. ta  necessary 
f o r  a . c t i v e  c o o l i n g  s y s t e m  s t u d i e s  i s  p re sen ted  and d i scussed .  
Ra.diat ion equi l ibr ium wall  tempera. ture  .a.nd h e a t  l o a d s  on t h e  f u s e -  
la .ge   a re   a . l so   p resented .  The r e s u l t s  are c o n f i n e d  t o  a. 100,000 
f e e t  a l t i t u d e ,  Ma.ch 6 f l i g h t  cond i t ion .  
A .  HEAT TRANSFER COEFFICIENTS 
H3a. t  t r a n s f e r  d a t a .  -ms gene ra . t cd  fo r  t he  fuse l age  model 
shown i n   F i g u r e  9. Figure  9 a. lso shows t h e   o r i e n t a t i o n  of' t h ?  
coordinate   system. It shou ld   be   na t ed   t ha t   t he   o r ig in  of' t h e  
a . x i a l  coordina. te ,  x, i s  a t  t h e  c e n t e r  of' t h e  s p h e r i c a l  n o s e  31-13 
n o t  on t h e  s u r f a c e  of t he  nose ,  t h u s  a l lowing  a paramet r ic  v a r i a . -  
t i o n  of' nose  rad ius  wi thout  changing  the  d3wnstrea.m f u s e l a g e  
d e s c r i p t i o n .  A comple t e   c ros s   s ec t ion   desc r ip t ion  i s  presented  
i n  Appendix I. H e a t   r a n s f e r   c o e f f i c i e n t s   a n 3  w a l l  t empera ture  
were  computed a t  650 d i s c r e t e  e l e m e n t s  on the v?hicle which were 
j u d i c i o u s l y  l o c a t e d  t o  y i e l d  a v e r a g e  v a l u e s  for the  reg ion  of 
i n t e r e s t .  For purposes  of' s y s t e m   a n a l y s i s ,   h e a t   l o a d s   t o   t h e  
zones shown i n  F i g u r e  9 were then obtained by i n t e g r a t i n g  t,hese 
va . lues   over   the   a rea  of  the  zone.  Approximately 20 t o  60 d i s -  
c r e t e   e l e m e n t s  rnake up  one  zone.  Since  the  fuselage i.s symmetri- 
cal abou t  t he  ve r t i ca .1  p l ane ,  r e su l t s  were  computed fo r  on ly  one  
h a l f  of  t h e  v e h i c l e .  
For t h i s  s t u d y ,  a .11 h e a t  t r a n s f e r  c o e f f i c i e n t s  were 
genera . ted  assuming tha t  conica l  f'low re l a . t i onsh ips  app ly  for a l l  
a r e a s  of  t h e   f u s e l a g e .  On t h e   l e e   s i d e ,   t h e   f l o w  was assumed t o  
expand f u l l y  t o  t h e  l o c a l  f l o w  d e f l e c t i o n  a n g l e  a n d  t h e  h e a t  
t r a n s f e r  C o e f f i c i e n t s  were generated assuming that  Prandt l  Meyer 
r e l a t i o n s h i p s   a p p l y .   T h i s  may y i e l d   o p t i m i s t i c   r e s u l t s   s i n c e  
v o r t i c i e s ,  f l o w  s e p a r a t i o n  and rea t tachment  may occur  and  hence 
r e s u l t  i n  h i g h e r  h e a t i n g  r a t e s .  To i n d i c a t e   t h e   d e g r e e  o f  o p t i -  
m i s i m ,  Appendix I i n c l u d e s  b o t h  t h e  h e a t  t r a r l s f e r  c o e f f i c i e n t  
based  on f u l l y  expanded  flow  and t h e  h s a t  t r a n s f e r  b a s e d  on t h e  
a s sumpt ion   t ha t   t he  flow does  not  expand. A d i f f e r e n c e  D f  17% 
i n  hydrogen  requirements i s  presented and discussed in  Appendix I. 
The nose  of  the  fuse lage  was  cons ide red  to  be sharp  hence  b lunt  
nose   overpressures   were   no t   cons idered .  The methods  used f o r  c a l -  
cu la . t ion  of t h e  f i l m  Z o e f f i c i e n t s  a r e  d e s c r i b e d  i n  d e t a i l  i n  
Appendix I1 a.nd a.re  summarized  below. 
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Figure 9. THERMAL  MODEL OF FUSELAGE 
A t  t h e  s t a g n a . t i o n  p o i n t ,  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  was 
computed u s i n g  a modi f ica t ion  of  the  method suggested by Roshotko 
and Cohen, Reference 7. The f low was assumed t o  be  laminar on 
the  hemisphere a t  a l l  t l m e s  s i n c e  t h e r e  a re  no  ups t ream ef fec ts  
ca.using a.n e a r l y  o n s e t  o f  t r a . n s i t i o n .  Downstream  of the  s ta .gna-  
t i o n  p o i n t  b o t h  on the sphere  and  conica l  nose  sec t ion ,  the  
1a.minar film c o e f f i c i e n t s  were  computed  employing t h e  method  of 
Leets,Reference 8. Computat ion  of   the  turbulent  film c o e f f i c i e n t s  
wa.s performed using the method o u t l i n e d  by Bertram and Nea.1, 
Reference 9, employing the Von Karma.n form of the Reynolds analogy 
in  con junc t ion  wi th  the  Spa ld ing  and C h i  s k i n  f r i c t i o n  c o e f f i c i e n t ,  
Reference 10. For   the   conica .1   sur faces ,  a. Mangler  transforma.tion 
W B S  a.pplied t~ t he  above  me thods  in  o rde r  t o  a . ccoun t  fo r  t he  th in -  
n i n g  of t h e  bounda.ry l a y e r  d u e  t o  g e o m e t r y .  T n i s  r e s u l t e d  i n  a n  
i n c r e a s e  i n  hea . t ing  ra tes  of  15%. 
The o n s e t  o f  t m n s i t i o n  f r o m  t h e  l a m i n a r  f l o w  r e g i m e  t o  t h e  
turbulen t  f low reg ime w a s  p r e d i c t e d  by the comparison of the 
strea.mwise  R?ynolds  number t o  a. c r i t i c a l  Reynolds  number. The 
streamwise Reynolds number wa.s cc lputed  us ing  t h e  method suggested 
by Ambrok, Reference 11. Laminar film c o e f f i c i e n t s  were  genera.ted 
f o r  b o t h  t h e  f u l l y  1amina.r  regime  and t h e  t r a n s i t i o n  r e g i m e  v h e r e a s  
t u r b u l e n t  f i l m  c o e f f i c i e n t s  were g e n e r a t e d  f o r  b o t h  t h e  t r a n s i t i o n  
regime a.nd t h e   f u l l y   t u r b u l e n t   r e g i m e .  The t r a n s i t i o n   r e g i o n  w 
assumed t g  e x i s t  between a. streamwise Reynclds number of 1 x 10 !Y 
t o  1 x 10 . For  computations  of  temperatures and hea t   l oads   t u rbu -  
l e n t  f l o w  wa.s a.ssu ed t o  be fu l ly  deve loped  a t  t h e  o n s e t  o f  t r a . n s i -  
t i o n ,   i . e . ,  1 x 10  5 . 
Figures  1.0 t o  15 p r e s e n t  t y p i c a . 1  h e a t  t r a n s f e r  r e s u l t s  f o r  
t he   r ange   o f   va . r i ab le s   o f   i n t e re s t .   S ince   ac t ive   coo l ing   sys t ems  
m u s t  be  des igned  for  the  maximum heat  load on the  veh ic l e ,  s t eady  
s t a . t e  h e a . t  t r a n s f e r  d a t a  wa.s g e n e m t e d  f o r  a f l i g h t  c o n d i t i o n  
def ined by a speed  of Mach 6 a t  100,000 f e e t  w i t h  a v e h i c l e  a n g l e  
of  a. t tack  of 8.3". The reason   for   the   choice   o f  t h i s  condi t ion  
i s  d i scussed  in  Sec t ion  2 .  
F igures  10 and 11 p r e s e n t  t h e  h e a t  t r a n s f e r  C o e f f i c i e n t  
d i s t r i b u t i o n  on t h e  s p h e r i c a l  n o s e  f o r  a 0 .5  inch  nose  r ad ius  and 
a 2 . 0  i n c h   n o s e   r a d i u s   r e s p e c t i v e l y .   F o r   b o t h  r a d i i  t he   f l ow i s  
f u l l y  1amina.r. The e f f e c t  o f  w a l l  temperature  on t h e  f i l m  co- 
e f f i c i e n t   d i s t r i b u t i o n  i s  s l i g h t ,  a s  shown i n   t h e s e   f i g u r e s .  The 
f i l m  c o e f f i c i e n t s  on the spherical  nose vary between 133 and 40 
BTU/ft*-hr-F f o r  t h e  0.5 i nch  nose  r ad ius  and 66 a.nd 13 BTU/ft2-  
hr-F for t h e  2 inch  nose  r ad ius .  For t h e  0.5 inch nose shape,  
Figure 12 shows t h e  v a , r i a t i o n  o f  t h e  f i l m  c o e f f i c i e n t  i n  t h e  t r a n s -  
i t i o n  r e g i o n  which e x i s t s  f rom the shoulder  to  approximatsly 2 f e e t  
downstream  from  the  nose  of  the  vehicle.  N o  e f f o r t  was  made t o  
t r u l y  r e p r e s e n t  t h e  t r a n s i t i o n  f r o m  t h e  l a m i n a r  h e a t  t r a n s f e r  c o -  
e f f i c i e n t s  t o  t h e  t u r b u l e n t  h e a t  t r a n s f e r  c o e f f i c i e n t s .  Both 
l a m i n a r  and t u r b u l e n t  v a l u e s  a r e  p r e s e n t e d  i n  t h e  t r a n s i t i o n  
reg ion .  The t r e n d s  f o r  t h e  2 i n c h   n o s e   r a , d i u s   i n   t h e   t r a n s i t i o n  
r e g i o n  a r e  similar t o  t h e  0 . 5  i n c h  n o s e  r a d i u s  t h e r e f o r e  t h e  
r e s u l t s  were  no t  p lo t t ed .  
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"_  -Adiabatic  Wall 
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I Stagnation  P int, h = 133 
Figure 10. Heat Transfer  Coefficients  on  Nose  for R = 0.5 in., 
M = 6,  Altitude = 100,000 ft, Q = 8.3O 
"" 
I Stagnation  Point 
h = 66 
Figure 11. Heat Transfer  Coefficients  on  Nose  for R = 2.0 in., 
M = 6,  Altitude = 100,000 ft, Q = 8.3O 
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Figure  12.  Variation of Heat  Transfer  Coefficient  in  Nose  Region  for  R = 0.5 in. M = 6, 
a = 8.3 ', Altitude = 100,000 Feet 
The s p a . t i a 1  v a r i a t i o n  o f  heat t r a n s f e r  c o e f f i c i e n t  o v e r  
the  sur face  of  an  uncooled  vehic le  i s  presented  i n  F i g u r e s  13 
and 14. F igure  13 p r e s e n t s  h e a t  t r a n s f e r  c o e f f i c i e n t  c o n t o u r s  
as p l o t t e d  i n  a con tour  f a sh ion  as  t h e  v e h i c l e  would be viewed 
from the forward a.nd a . f t  ends while  Figure 14 p r e s e n t s  t h e  same 
da.ta p l o t t e d  on t h e  s i d e  v iew  of   the   fuse lage .  A s  would be 
e x p e c t e d  h e a . t  t r a . n s f e r  c o e f f i c i e n t s  a r e  h i g h e s t  on the forward 
l o w e r  s u r f a c e  o f  t h e  f u s e l a g e  and decrea.se around the upper and 
r e a r w s r d   p o r t i o n s .   S i n c e   t h e   h e a t   t r a . n s f e r   c o e f f i c i e n t s   a r e  
more s t rongly  dependent  upon the  loca l  va lues  of  ve loc i ty ,  
p r e s s u r e ,  and temperature  than on d i s t a n c e  f r o m  t h e  n o s e ,  t h e  
c o n s t a n t  h e a t  t r a n s f e r  c o e f f i c i e n t  l i n e s  t e n d  t o  f o l l o w  a l o n g l i n e s  
of' cons t an t  f l ow de f l ec t ion  ang le s .  Thus i n  r e g i o n s  where t h e  
r ad ius  o f  cu rva tu re  i s  sma.11, such as  the  lower  a.nd u p p e r  s e c t i o n s  
of' t h e  c o n i c a l  p o r t i o n  o f  t h e  f u s e h g e  b e t w e e n  X = 0 and X = 45 
f e e t ,  z o n e s  C a.nd E, a s l i g h t  p e r i p h e r a l  movement o f  l o c a t i o n  
main ta ins  a consta .nt   f low  def lect ion  a .ngle .  Hence t h e   c o n s t a n t  
h e a t   t r a n s f e r   c o e f f i c i e n t   l i n e s  a.ppea.r e s s e n t i a l l y   l i n e a r .   I n  
p lanar  reg ions  such  a s  t h e  f l a t  f u s e l a g e  s i d e s ,  t h e  f l o w  d e f l e c -  
t i o n  a n g l e  i s  c o n s t a n t  a n d  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  v a . r i e s  
on ly  wi th  d is ta .nce  f rom the  nose .  
The r i g h t  ha.nd s ide  o f  F igu re  13 shows t h e  h e a t  t r a n s f e r  
c o e f f i c i e n t s  on t h e  s e c t i o n  o f  t h e  f u s e l a g e  a f t  o f  S t a t i o 3  211. 
The r e s u l t s  f o r  t h i s  r e g i o n  assumed t h a t  t h e  f l o w  f i e l d  c a n  be 
represented  by a P r a n d t l  Meyer expans ion  s ince  the  loca l  f l ow 
def lec t ion  a .ngles  a re  nega . t ive  a.nd tha . t  the  engine  exhaus t  gases  
do n o t  r a d i a t e  o r  convec t   hea t   t o   t he   fu se l age .   Throughou t   t h i s  
r eg ion  the  f low de f l ec t ion  ang le  va . r i e s  cons ide rab ly  w i t h  t h e  
c o n s e q u e n c e  t h a t  t h e  c o n s t a . n t  h e a t  t r a n s f e r  c o e f f i c i e n t  l i n e s  
vary considerably.  
S i m i l a r  h e a t  t r a . n s f e r  c o e f f i c i e n t  d a t a .  were  computed f o r  
a i r f rame tempemtures  of  200 and  400F so  a s  t o  p rov ide  a . ccu ra t e  
e s t i m a t e s  of' coo l ing  sys t em hea t  l oads  fo r  t he  wa te r  g lyco l  and 
s i l i c o n e   c o n v e c t i v e   c o o l i n g   s y s t e m s   r e s p e c t i v e l y .   S i n c e   t h e s e  
d a t a  were e s s e n t i a l l y  t h e  same a,s  f o r  t h e  u n c o o l e d  f u s e l a g e  t h e  
r e s u l t s   a . r e   n o t   p l o t t e d   h e r e .  A s  can  be  seen i n   F i g u r e s  10 and 
11, t h e  e f f e c t  of  reducing  the  a i r f rame wal l  t empera ture  i s  t o  
i n c r e a s e  h e a t  t r a n s f e r  c o e f f i c i e n t s  s l i g h t l y .  
The h e a t  t r a n s f e r  c o e f f i c i e n t  da . t a  p r e s e n t e d  i n  F i g u r e s  10 
and 14 were  used t o  e s t i m a t e  c o o l i n g  s y s t e m  h e a t  1 o a . d ~  f o r  t h e  
convect ive cool ing systems.  
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Figure 13. Perpheral  Variation  of  Heat  Transfer  Coefficient on Uncooled F u s e l a s ,  
for M = 6,  Altitude = 100,000 ft, Q = 8.3' 
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FIGURE 14 STREAMWISE VARIATION OF KEAT  TRANSFER COEFFICIENT ON 
UNCOOLED  FUSELAGE, FOR M=6, ALTITLTDE=100,000 FEET, OC ~ 8 . 3 '  
Station, F e e t  
FIGURE 15 STREAMWISE  VARIATION OF RADIATION EQUILIBRIUM WALL 
TEMPERATURE ON FUSELAGE, FOR M=6, ALTITUDE=lOO,OOO FEET, ~G8.3 '  
B. RADIATION EQUILIBRIUM TEMPEMTURE 
Tempera tures  of  the  sur face  of t he  uncoo led  veh ic l e  a re  
t h e  r a d i a t i o n  e q u i l i b r i u m  wall  temperatures which a re  computed on 
t h e  basis that  t h e  h e a t  c o n v e c t e d  t o  the wa l l  must be  rad ia ted  
a.way t o  s p a c e  s i n c e  t h e  w a l l . i s  a .d iaba t ic .  A hea t  ba l ance  a t  t h e  
w a l l  y i e l d s  t h e  e q u a t i o n  
where h = h e a t   t r a n s f e r   c o e f f i c i e n t ,  BTU/ft  -hr-'F 2 
T~ = recovery  temperature ,  R 
TW = wal l  tempepature,  R 
& = 0.8, assumed surface  emit ta .nce 
cr = Stefan  Bol tzmann  constant  BTU/ft -hr-R 2 4 
The h e a t  t r a . n s f e r  c o e f f i c i e n t  h ,  was t h a t  p r e s e n t e d  i n  
F i g u r e s  13 and 14. The recovery  tempemtures  were  computed by 
t h e  method descr ibed  i n  t h e  Appendix I1 and a r e  l i s t e d  i n  Ta.ble 11. 
The maximum value of 2 8 9 0 ' ~  o c c u r s  a t  t h e  s t a g n a . t i o n  p o i n t .  
F igure  16 and 17 presen t  r a .d i a t ion  equ i l ib r ium w a l l  temp- 
e r a t u r e  d a . t a  f o r  t h e  0 .50  i n c h  s p h e r i c a l  n o s e  r a d i u s  and 2 . 0  i n c h  
s p h e r i c a l   n o s e   r a d i u s   r e s p e c t i v e l y .  Beca,use t h e   h e a t   t r a n s f e r  
c o e f f i c i e n t  d e c r e a s e s  wi th  an  inc rea . se  in  nose  r ad ius ,  t h e  r a d i a -  
t i o n  e q u i l i b r i u m  s u r f a c e  t e m p e r a t u r e s  a l s o  d e c r e a s e s  by 11% f o r  an 
i n c r e a s e  i n  n o s e  r a d i u s  of 400%. The 1 a . r g e r  d i a m e t e r  r e s u l t s  i n  a 
lower hea. t  f lux and temperature  b u t  i nc rea . se s  the  to t a .1  hea t  l oad  
and  drag. 
F igure  18 p r e s e n t s  da.ta  from  the  nose t o  s t a , t i o n  20 f e e t  
f o r  t h e  .5 i n c h   s p h e r i c a l   n o s e   r a d i u s .  The da ta  i s  p r e s e n t e d   f o r  
p e r i p h e r a l  s t a t i o n s  0" a.nd 90" .   Laminar   f low  ex is t s   to   the   shoulder  
where  onse t  o f  t r ans i t i on  occur s  and c o n t i n u e s  t o  S t a t i o n  2 where 
the  f low i s  f u l l y  t u r b u l e n t .  It should be a.gain  noted t h a t  t h e  x 
o r i g i n  i s  a t  t h e  c e n t e r  o f  t h e  s p h e r i c a l  n o s e .  S i n c e  t h e  t r a . n s i -  
t i o n  to tu rbulen t  f low does  not  occur .  a t  a spec i f ic  Reynolds  number 
a.n over1a.p of  the turbulent  and  1a.minar  va.lu'es i s  shown i n  t h e  
t m n s i t i o n  r e g i o n .  No e f f o r t  was made t o  t r u l y  r e p r e s e n t  t h e  
f a i r i n g  from  1amina.r  value t o  t u r b u l e n t  v a l u e .  The a x i a l  s h i f t  of  
thema.ximum t e m p e m t u r e  v a l u e s  f o r  t h e  two p e r i p h e r a l  s t a . t i o n  i s  a 
r e s u l t  o f  t h e  r e l a t i v e  l o c a t i o n  o f  t h e  s t a . g n a t i o n  p o i n t  w i t h  
r e s p e c t  t o  t h e  v e h i c l e  c e n t e r l i n e .  
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TABLE I1 - RECOVERY TEMPERATURES FOR FUSELAGE 
Axial Location (Feet)  





2 592 2591 
2589 2 588 
2 582 2582 
~~ 





2612 2 620 2596 2590 2585 
2607 2599 2 591 2584 2580 





2582 2582 2 582 180 2573 
* Stagnat ion  Recovery  Tempemture - 2 8 9 0 ~ ~  
I Nose Center 
2280°F 
Figure 16. Adiabatic Wall Temperature on Nose for R = 0.5 in., 
M = 6,  Altitude = 100,000 feet, a = 8.3O 
Stagnation  Point 2050'F 
Figure 17 ,  Adiabatic  Wall  Temperature on Nose for R = 2.0 Inches, 
M = 6, Altitude = 100,000 feet, a = 8.3' 
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Figure  18.  Variation of Radiation  Equilibrium  Wall   Temperature  in  Nose 
Region for R = 0.5 inch,  M = 6,  Altitude = 100,000 Feet ,  a t 8.3' 
The d i s t r i b u t i o n  of t he  r a .d i a t ion  equ i l ib r ium t empera -  
t u r e  on t h e  f u s e l a g e  i s  shown i n  F i g u r z s  15 and 19. Beca.use of 
the dependence on t h e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  t h e  d i s t r i b u t i o n  
of  tempera ture  i s  s i m i l a r  t o  t h e  f i l m  c o e f f i c i e n t  c o n t o u r s ,  how- 
e v e r ,  t h e  t e m p e r a t u r e  v a r i a t i o n  i s  n o t  a s  g r e a . t  a.s t h e  hea t  t r a .n s -  
f . e r  c o e f f i c i e n t  v a . r i a . t i o n  d u e  t o  t h e  f o u r t h  power % e r m  i n  t h e  h e a t  
ba l ance  equa t ion .  A v a r i a t i o n  i n  n o s e  r a d i u s  had a n e g l i g i b l e  
a f f e c t  on t h e  r a d i a . t i o n  e q u i l i b r i u m  wa.11 t empemtures  f o r  a x i a l  
s t a t i o n s  g r e a t e r  tha.n 2 f e e t .  
c. HEAT LOADS 
I n  o r d e r  t o  p r e d i c t  v e h i c l e  c o o l i n g  r e q u i r e m e n t s ,  t h e  h e a t  
loads   were   computed .   S ince   the .   hea t ing   ra te   var ies  wi th  l o c a t i o n  
and t h e  c o o l i n g  ~ system pa,rameters vary with hea.t ing ra. te,  the fusela.ge 
wa.s subd iv ided   i n to  15 zones.   Figure 9 presents  the  therma.1  model 
tha . t  was used  to   genera. te   heat   loads.   Zones A and €3 a.re   the  laminar  
f low reg ions  which  inc lude  the  nose  and 2 f e e t  of the  conica.1 sec-  
t i o n .  The region  f rom 2 f e e t  t o  45 f e e t  was subd iv ided   i n to  3 
pe r iphe ra l  zones  because  the  coo l ing  r equ i r emen t s  o f  t he  c rew com- 
pa r tmen t   a r e   r equ i r ed .  The crew  compartment  corresponds  to Zone E. 
The n e x t  a x i a l  r e g i o n ,  t o  s t a . t i o n l l l f e e t ,  was a l s o  s u b d i v i d e d  i n t o  
3 per iphera.1  zones  because  of   the  ruselage  geometry.  The remaining 
a .xial  regions were Eubdivided into a. l ower  su r face  and an upper s u r -  
f a c e .  The lower   sur face   exper iences  a. g rea , te r   hea . t ing   ra . te   due   to  
g rea t e r  f l ow de f l ec t ion  a .ng le s .  
Ta.ble I11 p r e s e n t s  t h e  h e a . t  1 o a . d ~  for t h e  t o t a l  f u s e l a g e  
f o r  b o t h  a 200°F w a l l  and a. 400'F w a l l .  The t o t a l  h e a t  1oa.d wa,s 
ob ta ined  by summing the  ind iv idua .1  hea t  loads  f rom ea.ch o f  t he  
increments  of sur fa .ce  a rea  wi th in  ea.ch of the zones shown i n  F i g u r e  
9. The h e a t  l o a d  t o  a.n increment of area, wa.s computed u s i n g  t h e  
equa.tion 
where hi i s  t h e  film c o e f f i c i e n t   f o r   e a c h   d i s c r e t e   e l e m e n t   w i t h i n  
the zone of i n t e r e s t  and was obta.ined from Figure 13, 
i s  the  a rea  o f  t he  e l emen t ,  Ai 
T~~ i s  the   recovery   t empera tures   ob ta ined   f rom  Table  V I .  
T W i  i s  t h e   s p e c i f i e d   w a l l   t e m p e r a t u r e  
The hea t  l oads  p re sen ted  i n  t h e  t a b l e  i n c l u d e  the e f f e c t  
of wa.11 tempera ture  on t h e  h e a t  t r a n s f e r  c o e f f i c i e n t .  
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Figure 19. Peripheral  Variation of Adiabatic Wall Temperature on 
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T, = 200OF 
.0815 lo6  
.0566 l o 6  
11.37 l o 6  
8.18 l o 6  
3.19 lo6  
32.9 l o 6  
12.04 l o 6  
2.162 l o 6  
31.02 lo6  
5.263 lo6  
16.02 lo6  
2.625 lo6  
7.228 l o 6  
2.042 l o 6  
2.224 l o 6  
136.4 l o 6  
T,,, = 400° I; 
.08139 lo6  
.05023 l o 6  
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3.804 1 o6 
13.19 1 o6 
1.882 1 o6 
5.052 10  
6 
1.222 1 o6 
1.345 10  
6 
112.2 1 o6 
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SECTION 4 
FUSELAGE  COOLING  SYSTEMS  TUDIES 
I n  t h i s  s e c t i o n  v a r i o u s  c o o l i n g  s y s t e m  c o n c e p t s  and c o o l a n t s  
a r e  examined with r e s p e c t  t o  t he i r  a p p l i c a , b i l i t y  f o r  c o n t r o l l i n g  
t h e   t e m p e r a t u r e   o f   t h e   f u s e l a . g e   s t r u c t u r e .   T e m p e r a t u r e   l e v e l s   o f  
29OF  a.nd 400F a re  cons ide red  such  tha t  aluminum a l l o y  and t i t a n i u m  
a l l o y  m a t e r i a l s  c o u l d  b e  u s e d  f o r .  a i r f r a m e  c o n s t r u c t i o n .  I n  
p a r t i c u l a . r ,  t r a n s p i r a t i o n  c o o l i n g  f l o w r a t e s  a . r e  p r e s e n t e d  f o r  
s eve ra .1  d i f f e ren t  coo la .n t s  and o u t e r  w a l l  t e m p e r a t u r e  l e v e l s .  
Convect ive cool ing.systems based  on t h e  i n d i r e c t  h e a t  t r a n s p o r t  
loop concept a.re examined f o r  c o o l i n g  t h e  e x t e r n a . 1  s u r f a c e  o f  t h e  
f u s e l a g e  and for u s e  w i t h  a n  i n s u l a t i o n  s y s t e m  w h i c h  u t i l i z e s  
hea . t  sh i e lds  and r a d i a t i o n  b a r r i e r s  o v e r  a. p o r t i o n  of t h e  f u s e l a g ?  
a.rea.  Coolant a.nd hydrogen  f low  ra . tes   are  computed for   aerodynamic-  
a l l y  i n d u c e d  h e a t  l o a d s  t o  e s t a b l i s h  c o o l i n g  r e q u i r e m e n t s  and t o  
pe rmi t   e s t ima tes  of system  weights .   System  weight   es t imates   include 
t h e  c o o l a . n t  d i s t r i b u t i o n  s y s t e m  l i n e s ,  a.nd where  applica.ble,  expend- 
a b l e  c o o l a n t ,  c o o l a n t  s t o r a g e  t a n k ,  pump, f u e l  t o  d r i v e  t h e  pump, 
c o n t r o l s ,  r e s i d u a l  c o o l a n t ,  and hea t   exchanger .  
A .  TRANSPIRATION  COOLING 
An e f f e c t i v e  wa.y o f  r educ ing  the  t empemture  of a s u r -  
f a c e  i s  t o  i n j e c t  a c o o l  f l u i d  i n t o  t h e  b o u n d a r y  l a y e r .  If t h e  
i n j e c t i o n  i s  through a. po rous  su r face  such  tha t  i t  ensues a.s a 
cont inuous mass, i t  i s  c a l l e d   t r a n s p i r a t i o n   c o o l i n g .  There. a r e  
t h r e e  r e a s o n s  f o r  t h e  s u p e r i o r  e f f e c t i v e n e s s  o f  t r a n s p i r a t i o n  c o o l -  
i n g  o v e r  t h e  conven t iona l  t echn iques  o f  convec t ive  coo l ing .  F i r s t ly ,  
the  coola .n t  and i n j e c t o r  ( p o r o u s  m a t e r i a . 1 )  a r e  i n  i n t i m a t e  c o n t a c t  
thus   p roducing   an   ex t remely   e f f ic ien t   hea t   exchanger ;   secondly ,  
t h e  c o o l a n t  a c t s  as an insula . tor  between the surfa .ce  and t h e  f r e e  
s t ream gas;  and t h i r d l y  the  c o o l a n t  a l t e r s  t h e  v e l o c i t y  a.nd temper- 
a t u r e  p r o f i l e s  o f  t h e  b o u n d a r y  l a y e r  i n  a manner  conducPve t o  a 
much l o w e r  h e a t  f l u x .  I n  a d d i t i o n  t o  t h e  l o - d e r  h e a t  f l u x  t o  t h e  
v e h i c l e ,  t m n s p i r a t i o n  h a s  t h e  a d v a . n t a g e  o f  r e d u c i n g  d r a g  d u e  t o  
skin f r i c t i o n .  However, i t  ha.s t h e   d i s a d v a n t a g e s   o f   f l o w   c o n t r o l  
i n  p r e s s u r e  g r a d i e n t  r e g i o n s  and weight of expa.ndable coolant.  A t  
p r e s e n t ,  f a . b r i c a t i o n  of po rous  ma . t e r i a . l s  w i th  con t ro l l ed  po ros i ty  
a .nd/or  pressure drop i s  n o t  v e t  s a . t i s f a c t o r y .  
A schematic  diagra.m of a. t y p i c a . 1  t r a n s p i m t i o n  s y s t e m  
i s  shown in   F igu re   20 .  The da.shed l i n e s  i n d i c a t e s  a r e c i r c u l a , t o r y  
system which can minimize the depth of the plenum chamber needed 
t o  d i s t r i b u t e  t h e  t m n s p i r a n t ,  b u t  a . t  the  expense  of more  compli- 
ca.ted  plumbing  including  return  l ines  and a. v e n t u r i .  Flow c o n t r o l  
may be  achieved by means of i n t e r n a l  b a f f l i n g ,  d i f f e r e n t  s u p p l y  
p r e s s u r e s  t o  ea.ch  plenum  cha.mber,  and/or a v a r i a b l e  p r e s s u r e  d r o p  
through  the  porous  media .  A va . r i e ty   o f   tmnsp i r a t ion   concep t s  
a re   p re sen ted   i n   Re fe rence  12 . The  ma.jor c o n s i d e r a t i o n   i n   t h e  














Figure 20 Schematic of T-ypical Transpiration o r  Film Cooling Systems Using a 
Stored Coolant 
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c o n s i s t a n t , w i t h  t h e  e x t e r n a l  h e a t  f l o w  r e q u i r e m e n t s  o t h e r w i s e  
w e i g h t   p e n a l t i e s  w i l l  r e s u l t .  In  p r e s s u r e   g r a d i e n t   r e g i o n s ,  
e i t h e r  a v a r i a t i o n  o f  m a t e r i a l  p o r o s i t y  or m a t e r i a l  t h i c k n e s s  i s  
r equ i r ed .  
T h e r e  a r e  s e v e r a l  m e t h o d s  a v a i l a b l e  t o  p r e d i c t  t h e  
t r a n s p i r a . t i o n  f l o w r a t e s  r e q u i r e d  t o  m a i n t a i n  a g iven  su r face  
temperature .   Reference 13 g i v e s  a d e t a i l e d  summary o f   t hese  
methods.  Because of the   s imp l i fy ing   a s sumpt ions   and- l ack   o f  
expe r imen ta l  da t a . ,  t he  r e su l t s  o f  t hese  me thods  d i f f e r  cons ide r -  
ab ly .  The method  of  Spa.lding,  Auslander a.nd Sundaram  (Reference 
14 was s e l e c t e d  f o r  p r e d i c t i n g  t r a . n s p i r a t i o n  f l o w m t e s  s i n c e  t h e  
empi r i ca l  func t ions  a re  based  on exper imenta l  da. ta  a t  Ma.ch numbers 
wi th in   t he   r ange   o f   t h i s   s tudy .   Th i s  method a . l s o   o f f e r s   t h e   a d d i -  
t iona l   advantage   o f   be ing   appl icable   to   des ign   problems.   Appendix  
I1 con ta ins  a summary o f  t h i s  method a.nd t h e  m o d i f i c a t i o n s  
necessa ry  to  a . l l ow ca lcu la t ion  of t r a n s p i r a t i o n  f l o w r a t e s  f o r  t h e  
fuse l age .  A s  i n   t he   computa t ion   o f   t he   hea . t   r ans fe r   coe f f i c i en t ,  
conica.1 flow rela. t ionships were used in the computa.t ion of the 
t r a n s p i r a t i o n   f l o w r a t e s .  The fo rmula t ion  was ba.sed  on t h e  a.ssump- 
t i o n s  t h a t  t h e  c o o l a n t  a c t s  a s  a.n i d e a l  g a s  w i t h  a cons t a .n t  spec i f i c  
h e a t  a.nd t h a . t  the  backfa.ce temperature  of  the porous mater ia l  i s  
equa.1 t o   t h e   c o o l a n t   i n l e t   t e m p e r a , t u r e .  Downstream e f f e c t s  were 
not  inc luded .  
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The r e s u l t s  o f  Ta.sk I showed tha . t  t h e  o n l y  a t t r a c t i v e  
t r ansp imt ion  sys t ems  were  a. gaseous hydrogen system with a. -400F 
i n l e t  t e m p e r a t u r e ,  a gaseous helium system with a -450F i n l e t  
t empera ture  and a l iqu id   water   sys tem.   Therefore ,  for t h i s   t a s k  
only hydrogen with an inlet  temperature  of -400F a.nd hel ium wi th  
an  inlet  temperature  of  -450°F were considered a.s su i ta .b le  gaseous  
coo lan t s .  Wa.ter wa.s considered a.s t h e   m o s t   s u i t a b l e   l i q u i d   c o o l a n t .  
Wa.11 tempemtures  of  200"F, 400°F, 600'~ a.nd 1400°F were studied. 
For t h e  l a t t e r  ca.se,  surfaces  which had a r a . d i a t i o n  e q u i l i b r i u n  
wa.11 temperature   less   than  1400°F d i d  n o t   r e q u i r e   c a o l i n g .   I n  a.n 
actua.1  1400°F  tra.nspira.t ion  system, some c o o l m t  f l o w  i s  requi red  
a t   a l l  t imes  a s  w i l l  be  discussed subsequent ly .  
1. Hydrogen I n j e c t i o n  
A ranking  of  ga . seous  t ranspi ran ts  i n  o r d e r  o f  
coo l ing  e f f ec t iveness  y i e lds  hydrogen  w i t h  i t s  spec i f i c  hea . t  o f  
approximately 3.5 BTU/lb"F, a s  t h e   m o s t   e f f e c t i v e .  For t h e  
p r e s e n t  a , p p l i c a t i o n ,  h y d r o g e n  t m n s p i r a t i o n  i s  f e a s i b l e  a.s l ong  
a s  t h e  w a l l  t e m p e r a t u r e  i s  s u f f i c i e n t l y  low to  p reven t  cambus t ion  
of the  hydrogen a.s i t  i s  in jec ted .   S ince   hydrogen  was expected 
to  y i e ld  the  lowes t  f l ow ra . t e s  o f  a.ny ga . seous  t ranspimnt ,  i t  w a s  
s t u d i e d  f i r s t  t o  e s t a b l i s h  a comparat ive  base.   Figures  2 1  through 
24  p resen t  s e l ec t ed  d a t a .  f rom the  hydrogen  t ranspi ra t ion  ana lyses .  
The d a t a  i n  t h e s e  f i g u r e s  a r e  f o r  a.n in l e t  t empemture  o f  -400°F ,  
a Mach number  of 6, a vehic le  a .ng le  of  a t ta .ck  of  8.3" and  a.n 
a l t i t u d e  of 100,000 f e e t .  
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F i g u r e s  2 1  a.nd 22 show t h e  d i s t r i b u t i o n  o f  h y d r o g e n  
f l o w r a t e  on the  0 .5  inch  and  2 .0  inch  r ad ius  noses  r e spec t ive ly  
f o r  a 200°F wal l  temperature.   These  values  were  generated 
assuming tha t  the  b lowing  fa .c tor  i s  a cons t an t  va . lue  equa l  t o  the  
f i r s t  turbulen t  e lement  on t h e  c o n i c a l  s e c t i o n  o f  t h e  f u s e l a g e  
and wa.s a p p l i c a b l e  t o  t he  upstream  nose  region.  On t h i s  ba.sis,  
t he ' f  owra te s  dec rease  r a .p id ly  f rom the  maxim TI va lues  o f  95.0 
l b / f t  h r  f o r  the 0.5 inch  nose  and 47.5 l b  f t  h r  f o r  t h e  2 . 0  i n c h  
n o s e   a t   t h e   s t a g n a t i o n   p o i n t   t o  19.3 l b / f t  4"' h r  for t h e  0.5 inch   nose  
a.nd 5.7 l b / f t 2 h r  f o r  t h e  2 . 0  i n c h  n o s e  a t  t he  shou lde r .  The hydro- 
gen f l o w r a t e  d i s t r i b u t i o n  on t h e  f u s e l a g e  i s  shown i n  F i g u r e s  2 3  
and 2 4  f o r  a. 200°F  and a 400°F ou te r  su r f ace  t empera . tu re  r e spec t ive ly .  
S i n c e  t h e  f l o w r a t e  d i s t r i b u t i o n  i s  a f u n c t i o n  of t h e  h e a . t i n g  r a t e ,  
t h e  f lowra , t e  con tour s  a re  s i m i 1 a . r  t o  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t s  
sho-ivn i n  F i g u r e  14. The ef'fec t of  nase r a . d i u s  on the  . t r a n s p . i r a t i o n  
f lowra. tes  i s  of second order  when c o n s i d e r e d  i n  t h e  l i g h t  o f  t o t a l  
fuse lage  requi rements  a.nd i s  n o t  shown. 
i!? 
Table I V  p r e s e n t s  t h e  d a t a  f o r  h y d r o g e n  i n j e c t i o n  a.s 
a f u n c t i o n  of l o c a t i o n ,  d e f i n e d  i n  F i g u r e  9, and w a l l  temperature .  
These  va.lues a re  ob ta ined  by i n t e g r a t i n g  t h e  f l o w r a t e s  of  F i g u r e s  
23 and 24 wi th  r e s p e c t  t o  a r e a  f o r  t h e  s u b s e c t i o n  of i n t e r e s t .  As 
Sl iOWn i n  T a b l e  I V  t h e  t o t a l  hydrogen  r equ i r ed  to  coo l  t he  veh ic l e  
ranges from 35,184 l b / h r  f o r  a 290°F outer  w a l l  t e m p e r a t u r e  t o  
113 l b / h r  f o r  a 1400°F o u t e r  w a l l  temperature .  The e f f e z t  o f  w a l l  
temperature  on f l o w r a t e  i s  p re sen ted   i n  a l a t e r  s e c t i o n .  It should 
be noted t h a t  an  ope ra t ing  t empera tu re  capab i l i t y  in  excess  o f  400F 
i s  r equ i r ed  fo r  t hose  a reas  o f  t he  fuse l age  where no t r a n s p i r a n t  
f low  requirement i s  l i s t e d  i n  Ta,ble I V .  A f u r t h e r  d i s c u s s i o n  o f  
t h i s  p o i n t  i s  p re sen ted  l a . t e r .  
2 .  " Helium T r a n s p i r a t i o n  
I n  o r d e r  of t r a n s p i r a t i o n  e f f e c t i v e n e s s  h e l i u m  
wi th  i t s  s p e c i f i c  h e a t  of approximately 1.25 BTU/lb"F ranks  second 
only  to   hydrosen.  A s  for t h e   c a s e  of' hydrogen, i t  would be s t o r e d  
a s  a c ryogen ic  l i qu id  and then pumped i n t o  t h e  t r a n s p i r a t i o n  d i s -  
t r i bu t ion   sys t em a s  a g a s .  The i n l e t   t e m p e r a t u r e  a t  the   porous  
m a t e r i a l  was assumed t o  be -450°F.  Figures 25 and  26 p r e s e n t  
h e l i u m  f l o w r a t e s  d i s t r i b u t i o n s  on t h e  f a s e l a g e  f o r  a. 200"F,  and 
400°F   ou te r   su r f ace   t enpe ra tu re .  Compar ison   of   these   resu l t s  
wi th  t h e  ,hydrogen r e s u l t s  r e v e a l s  t ha t  s i m i l a r  t r e n d s  e x i s t  a.nd 
t h a t  t he  he l ium f lowra te  i s  approximate ly  2 .4  t imes  grea te r  than  
the  hydrogen  flowra.te  which i s  n e a r l y  e q u a l  t o  t h e  S p e c i f i c  h e a t  
r a t i o .  T a b l e  V summarizes t h e  h e l i u m  t r a n s p i r a t i o n  f l o w r a t e  d a t a  
i n  i n t eg ra t ed  fo rm a.s a f u n c t i o n  of w a l l  temperature .  
S i n c e  t h e  h e l i u x  c o o l a n t  r e q u i r e m e n t s  a r e  much 
grea . te r  than  the  hydrogen  requi rements  and  s ince  the  d is t r ibu t ion  
weights of bo th  sys t ems  a re  nea , r ly  equa l  a s  w i l l  be shown l a t e r ,  
a. he l ium t r ansp i r a t ion  sys t em i s  no t  compe t i t i ve  w i t h  a. hydrogen 
t r a n s p i r a t i o n  s y s t e m  on a. we igh t  bas i s .  
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r &= 80 Ib/ft -hr 2 
Figure 21. Hydrogen Transpiration Flowrates on Nose for 
R = 0.5 Inch, M = 6 Altitude = 100,000 ft, a= 8.3' 
b = 40 Ib/ft - h r  2 
\Stagnation  Point 
&= 44.25 lb/ft -hr 2 
Figure 22. Hydrogen Transpiration  Flowrate  Distribution on Nose for 
R = 2.0 Inch, M = 6 , O  = 8 . 3 O  Altitude = 100,000 feet 
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FIGURE 23 HYDROGEN TRANSPIRATION FLOWRATES ON FUSELAGE FOR 200°F 
WALL TEMPERATURE, M=6, ALTITUDE= 100,000 FEET, 0c=8.3" 
w -a 
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Sta t ion ,  Feet 
FIGURE 24 HYDROGEN TRANSPIRATIOH FLOWRATES ON FUSELAGE FORL 4 0 0 O ~  
WALL TEMPERATITRE, M=6, ALTITr.TDE=lO@, OCG F E T ,  &=8.3" 
TABLE IV 
HYDROGEN TRANSPIRATION FLOWRATE SUMMARY 
Zone 
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FIGURE 25 HELIUM  TRANSPIRATION FLOWRATES ON FUSELAGE FOR 200°F 
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FIGURE 26 HELITJM  TRANSPIRATION  FLOWRATES ON FUSELAGE FOR 400°1" 
WALL  TEMPERATURE, ~ = 6 ,  ALTITUDE= 10@,@@@ FZET, & =8.3" 
TABLE V 
HELIUM TRANSPIRATION FLOWRATE SUMMARY 
Zone 
























































































3. Wa.ter T r a n s p i m t i o n  
A s  shown i n  Reference 12 , the  computer  program 
f o r  computing gas i n j e c t i o n  f l o w r a t e s  c o u l a  be adap ted  fo r  ca l cu -  
h t i o n s  i n v o l v i n g  l i q u i d  w a t e r  by us ing  a. s p e c i f i c  h e a t  of 0.45 
BTU/lb"F and a.n in l e t  t empera tu re  o f  -2450F t o  a c c o u n t  f o r  t h e  
l a t e n t  hea . t   o f   vapor iza t ion .   Therefore ,   water   t ranspi ra t ion  
r e s u l t s  were generated using a f i c t i t i o u s  -2450'F i n l e t  temper- 
a t u r e  f o r  wa. ter   s tored a t  a temperature   of  80"~. F i g u r e s  27 and 
28 show t h e  wa.ter t r a n s p i r a t i o n  f l o w r a t e s  on t h e  f u s e l a g e  f o r  
w a l l  temperatures  of' 200F and 400F.  S ince  these  p lo ts  a re .  s i m i l a r  
t o  those  previously  presented  they  need  not   be  discussed.   Table  
V I  p r e s e n t s  t h e  i n t e g m t e d  v a l u e s  of water  f lowra . te  as  a f u n c t i o n  
of 1oca.t ion and wall  temperature.  
Even though the w a t e r  f l o w r a  t e  r e q u i r e m e n t s  a r e  
grea te r  than  the  hydrcgen  f lowra te  requi rements ,  a water system 
may s t i l l  be  compet i t ive  s ince  i t  r e q u i r e s  a sma.11 un insula ted  
s torage tank whereas  a hydrogen  sys tem requi res  la rge  insu la ted  
s torage  tanks  because  of  i t s  l e s s e r  d e n s i t y .  
4. T r a n s p i r a t i o n  Flow  Rate Summary 
As mentioned  ear l . ier ,  d a t a  was  gene ra t ed   fo r  a 
number  of d i f f e r e n t   o u t e r   s u r f a c e   t e m p e r a t u r e s .   R e f e r r i n g   t o   t h e  
r ad ia t ion  equ i l ib r ium wa l l  t empera tu re  d a t a  p re sen ted  in  F igu re  
15 i t  i s  appa.rent t h a t  t he  r ange  o f  apppcab le  w a l l  tempera.tures 
i s  dependen t   on   t he   spec i f i c   l oca t ion  on t h e   f u s e l a g e .   F o r   t h e  
nose  reg ion  tempera tures  in  excess  of  l400F a r e  t o  be  expec ted  for  
t h e  0.5 inch  nose  r a d i u s .  On the  uppe r  po r t ion  o f  t he  fuse l age  
tempera tures  up  to  600~ could  be  a t ta ined  whi le  on the  lower  s u r -  
f ace   t empera tu res   up   t o  lOOOF could be a t t a i n e d .  I n  t h i s  s e c t i o n  
e s t i m a t e s  of t r a n s p i r a t i o n  f l o w r a t e s  a r e  made f o r  v a r i o u s  w a l l  
t e n p e r a t u r e s .  
Table VI1 p r e s e n t s  t h e  r e q u i r e d  t r a n s p i r a t i o n  
f l o w r a t e s  a t  t h e  s t a g n a t i o n  p o i n t  f o r  t h e  0 .5  inch  and t h e  2 .0  
inch  rad ius  hemispher ica l  nose  a s  a f u n c t i o n  of w a l l  temperature  
f o r  each of' t h e   c o o l a n t s   s t u d i e d .  A s  t h e  w a l l  temperature  i s  
increased hel ium and water  become  more competi t ive with the hydro-  
gen  system on the   bas i s   o f   coo lan t   we igh t .   F igu re  29 shows t h e  
f l o w r a t e  v a r i a t i o n  f o r  e a c h  c o o l a . n t  a s  a func t ion  o f  t empera tu re  
f o r   t h e   f u s e l a . g e .  The decreas ing   s lope  of  t he   cu rve  a t  6 0 0 " ~  i s  
a r e s u l t  of c e r t a i n  a . r e a s  of t he   veh ic l e   hav ing   r a .d i ' a t i on   equ i l i -  
b r i u m   w a l l   t e m p e r a t u r e s   l e s s   t h a n   6 0 0 " ~ .  To maintain a 200°F 
ou te r  su r f ace  t empera tu re ,  35,200 l b /h r  o f  hydrop,en, 83,700 l b / h r  
of helium o r  g1,lOO lb /hr  of water  would  be r e q u i r e d .  From coola.nt 
weight   considerat ions,   hydrogen i s  the   bes t   coolan t .   Sys tem  weights  
f o r  a t r a n s p i r a t i o n  s y s t e m  a r e  p r e s e n t e d  i n  t h e  n e x t  s e c t i o n .  
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FIGURE 27 WATER TRANSPIRATION  FLOWRATES ON FUSEMGE FOR 200°Fo 
WALL TEMERATLJRE, M=6, ALTITITDE=lOO,OOO FEET,oC=8.3 
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FIGURE 28 WATER TRANSPIMTION FLOWRATES ON FUSELAGE FOR 40OoFo 
WALL  TEMPERATURE, M=6, ALTITUDE=lOO,OOO  FEET,& =8.3 
TABLE VI 




(See Figure  9 ) 
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TRANSPIRATION FLOWRATES AT STAGNATION POINT 
R = 0.5 in. Flowrate - lb/hr - ft2 
w d i  
. F  
Temjjk$atiire 1400  600 400 200 
Hydrogen 17.9 47.5 67.7 95.0 
Helium 36.0 125.3 167.0 2 34.7 








Flowrate - Ib/hr - ft 2 
200 1400 600 400 
44.5 9.0  23.6 33.5 
117.5 17.9 66.9 82.4 
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Figure 29. Total Trnnspiration Flowrate Requirements 
5. Tra.nspira.t ion  Cooling  System Summa.ry 
For  a. t r ansp i r a t ion  sys t em,  the  to t a .1  sys t em 
weight i s  comprised  of t h e  coolant   weight ,   porous  mater ia .1  
weight ,   coola .nt   s tora ,ge weight and the  plumbing  weight.  To 
de termine  the  coolan t  weight ,  the t r a n s i e n t  t r a n s p i m t i o n  f l o w -  
r a t e  r equ i r emen t s  shou ld  be  in t eg ra . t ed  ove r  t he  comple t e  f l i gh t  
t ime.  However, t h i s  w a s  beyond the   scope  of t h e  p r e s e n t  e f f o r t .  
Reference 15 presented   the   11equiva . len t   s teady-s ta te  time" method 
w h i c h  y i e l d s  s l i g h t l y  c o n s e r v a t i v e  e s t i m a t e s  o f  t o t a l  r e q u i r e m e n t s  
without   the  need for a t r a n s i e n t   a n a . l y s i s .  It involves   de te rmin-  
i n g  t h e  t i m e  a t  t h e  c o n d i t i o n  of maximum h e a t  f l u x  w h i c h  y i e l d s  
t h e  same t o t a l  h e a t  f l o w  t o  t h e  v e h i c l e  a s  occu r s  du r ing  the  
t r a n s i e n t  c o n d i t i o n .  From t h e  r e s u l t s  of  Task I t h e  equiva . len t  
s t e a d y  s t a t e  t i m e  was  1 .5  h o u r s  f o r  t h e  m i s s i o n  p r o f i l e  o f  F i g u r e  
2 .  Mul t ip ly ing  this  va lue  by t h e   f l o w r a t e s   p r e s e n t e d   i n   T a b l e s  
I V  t o  V I  r e s u l t e d  i n  t h e  t o t a . 1  c o o l a n t  w e i g h t s  p r e s e n t e d  i n  T a b l e  
V I I I .  T h e s e   r e s u l t s   a r e   f o r  a. high  temperature  system  which 
cons i s t s  o f  ope ra . t i ng  the  nose  and 2 f e e t  o f  t h e  f u s e h g e  a . t  
1400F, t he  lower  sec t ion  of t h e  f u s e l a g e  u p  t o  s t a t i o n  211 f e e t  
a t  1000°F, a.nd t h e   u p p e r   s e c t i o n  and a . f t  s e c t i o n  a t  6 0 0 " ~ .  T h e s e  
t e m p e r a t u r e  l e v e l s  and r e g i o n s  w e r e  s e l e c t e d  s u c h  t h a t  t h e  e x t e r n a l  
s u r f a c e  o f  t h e  v e h i c l e  i s  o p e r a t i n g  j u s t  b e l o w  i t s  r a d i a t i o n  e q u i l -  
ib r ium w a l l  t empera tu re ,  t hus  min imiz ing  the  quan t i ty  o f  coo lan t  
r equ i r ed  and t h e   t r a n s p i r a t i o n ' c o o l i n g   s y s t e m   w e i g h t .  Some coo lan t  
f low i s  r e q u i r e d  i n  o r d e r  t o  m a i n t a i n  t h e  aluminum s u b s t r u c t u r e  
below  200°F  on t h e  b a s i s  o f  t he  a s sumpt ion  tha t  t he  backface  
tempera ture  of  the  porous  mater ia l  i s  e q u a l  t o  t h e  c o o l a n t  i n l e t  
temperature .  If t h e r e  i s  no   coo lan t   f l ow  the   su r f ace   t empera tu re  
of t h e  s u b - s t r u c t u r e  would  exceed 200°F due t o  r a d i a t i o n  f r o m  t h e  
uncooled  outer  sur fa .ce .  
The porous ma.teria.1 weight estima.tes were based 
on t h e  model shown i n  F igu re  30.  For r e g i o n s  h a v i n g  o u t e r  s u r f a c e  
t empera tu res  in  excess  o f  6 0 0 " ~ ~   t h e  porous  mater ia l  weight  i s  
0.77 l b / f t 2  wh i l e  i n  r eg ions  hav ing  ou te r  su r f ace  t emperasu res  
l e s s  t h a n  6 0 0 " ~ ~  t he  po rous  ma te r i a l  we igh t  i s  0.71 l b / f t  . 
The weight  assoc ia . ted  wi th  the  s tora .ge  conta . iners  
f o r  t h e  t m n s p i r a n t  v a r i e s  c o n s i d e m b l y  w i t h  the  type  o f  coo lan t .  
If the  coola .n t  i s  hydrogen,  the  hydrogen  can be drawn o f f  t h e  f u e l  
t a .nks   r a the r   t han   s to red   i n   s epa ra t e   t a .nks .   Th i s   r e su l t s   i n  a 
s torage  weight  of  0.14 l b  p e r  Tound of  s tored hydrogen for t h e  
cool ing  system,  Reference 1, n e g l e c t i n g   t h e   f f e c t   o f   i n c r e a . s e d  
volume  on f u s e l a g e   s i z e  a.nd weight.  If t h e   c o o l a n t  i s  helium, 
the  he l ium must be s t o r e d  i n  s e p a r a t e  i n s u h t e d  t a n k s  and r e s u l t s  
i n  a. s tora ,ge weight  of  .25 l b  p e r  pound of  s tored coola .nt ,  -vhich 
i s  considera.bly  higher  than  the  hydrogen  ca.se,   Reference 16 , and 
a . l so   neg lec t s   t he   e f f ec t   o f   i nc rea . sed  volume on t h e   f u s e l a g e .  I f  
t h e  c o o l a n t  i s  wa, ter ,  separa . te  uninsulated tanks ca.n  be used  which 
r e s u l t s  i n  a s torage  weight  of  0.02 l b  p e r  pound o f  s to red  coo lan t .  
B e m u s e  o f  t h e  h i g h  d e n s i t y  o f  w a t e r ,  t h e  r e q u i r e d  q u a n t i t i e s  o f  
t h i s  t m n s p i r a n t  can be  s tored  ea . s i ly  wi th in  the  wing .  
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*Dimension of Total Weight is  i n  lb 











F Weight * Hydrogen I Helium I Water - 
Total Uni t  Total 
170 0.515 390 
2,060 0.834 5,240 
9,350 0.599 23,400 
250 0.77 25 0 
1,900 0.77 1,900 
11,100 0.71 11,100 
20,020 1.088 26,930 
44,850 I 2.43 I 69,210 
Unit I Total Unit 
I 
1.18 420 1.27 
2.12 5,320 2.15 
1.5 , 24,500 1.57 
0.77 250 0.77 
0.77 1,900 0.77 
0.71 11,100 0.71 
1.46  9,340  0.507 
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Crossection of Typical  Transpiration Cooled Panel 
for Weight Estimates 
Plumbing weights accou?t for such i tems as  
c o o l a n t  d i s t r i b u t i o n  l i n e s  and headers ,  valves and l i n e  i n s u l a . -  
t i o n .  For t h e  g a s e o u s  t r a n s p i r a . n t s  of helium and  hydrogen, t h e  
heade r s  a . r e  no t  i n t eg ra .1  w i t h  t h e  s t r u c t u r a l  s k i n  b e c a u s e  of the 
la.rge  gas Volume. T h i s  r e s u l t s  i n  p l u m b i n g  w e i g h t s  of approxi-  
mately 1.0 l b / f t 2 .  I n  t h e  . c a s e  o f  w a t e r ,  t h e  h e a . d e r s  a r e  i n t e g r a l  
with t h e  s ruc tu ra l  sk in  wh ich  r s u l t s  iri a plumbing weight of 
0.15 l b / f t  t o  which  0.325 l b / f t  must  be  added i n  o r d e r  t o  
account  f o r  the  res idua .1  wa. te r  tha t  is r e q u i r e d  f o r  p r o p e r  d i s t r i -  
b u t i o n  t o  p r e v e n t  l o c a l  h o t  s p o t s  d u r i i i g  b o i l i n g .  I n  Ta.ble V I 1 1  
t he  d i s t r ibu t ion  we igh t  sub - t i t l e  i r i c i i i dkh  the  p lumbing  weight 
a.nd coolan t  s torage  weight .  
8 8 
The t o t a l  t r a r i s p i h t i b t i  s y s t e m  w e i g h t s  a . re  p re-  
s e n t e d  i n  T a b l e  V I 1 1  a.nd a . r e  based ,on  the  p rev ious ly  d i scussed  
we igh t   f ac to r s .  To completely cool t h e  v e h i c l e  w m l d  r e q u i r e  a.n 
avera .ge co l ing system uni t  weight  0f22.43 lb / f t2  fo r  hydrogen ,  
3.76 l b / f t  8 for h e l i u ?  and 2.86 l b / f t  f'o? wa.ter.  Compa.rison  of 
t h e s e  r e s u l t s  i n d i c a t e s  t h a t  h y d r o g e n  i s  t h e  b e s t  t r a n s p i r a . n t  
w i t h  wa.ter a s  t he   s econd   bes t .  However i f  ea.se  of  ha.ndling 
r e l i a b i l i t y  and sa . fe ty  a re  cons idered  water  and helium ma.y be  more 
des i rab le   than   hydrogen .  Also due t o  t h e  p o s s i b i l i t y  o f  combus- 
t i o n  upon exposure  to  the  h igh  boundary  layer  tempera ture ,  hydrogen  
ma.y n o t  be f e a s i b l e .  Helium  ha.s the  disadvanta .ges  of' a complex 
in su la t ion   sys t em,  a l a r g e  s t o r a g e  volume requirement ,   h igh  cost  
and r e l a t i v e l y   l i m i t e d   a . v a i l a b i l i t y .  Wi th   t hese   cons ide ra t ions ,  
wa,ter  a,ppea,rs t o  be t h e  m o s t  f e a s i b l e  C m n s p i r a n t  f o r  a n  a c t u a l  
f i n a l  d e s i g n .  
B. CONVECTIVE COOLING SYSTEMS 
Convect ive cool ing i s  the  p rocess  o f  u s ing  a f l u i d  
t o  a .b so rb  the  hea t  i npu t  t o  the  w a l l  by e i t h e r  a phase change o r  
a s e n s i b l e   t e m p e r a t u r e   r i s e .   C o o l i n g   s y s t e m s   a . r e   c h s s i f i e d  a.s 
e i t h e r  d i r e c t  o r  i n d i r e c t .  I n  a, d i rec t   sys tem  the   expendable  
coola.nt  i s  pas sed   t h rough   t he   su r f ace   t o  be  cooled.  In  an 
ind i r ec t  sys t em the  work ing  f lu id  i s  c i r c u l a t e d  between t h e  sur- 
fa.ce t o  be  cooled  and a heat  exchanger  where the absorbed heat  i s  
r e j e c t e d  t o  an  expendable   coolant .  As shown in   Reference  1 2  , 
d i r e c t  c o n v e c t i v e  c o o l i n g  wa,s u n a t t m c t i v e ,  t h u s  o n l y  t h e  l n d i r e c t  
convect ive  cool ing  system  concept  wa.s s t u d i e d  for t h i s  t a s k .  The 
c o o l a n t  l o o p  c o n s i s t s  of t h e  s k i n  p a n e l s  wi th  i n t e g r a l  c o o l i n g  
passages,  a pump, f low control  va. lves ,  an expansion ta .nk a.nd t h e  
coola .n t   s ide  of' the  hea.t  excha.nger. For t h i s  s tudy,  a. l i q u i d  
c o o l a n t  wa.s u s e d  s i n c e  t h e  r e s u l t s  o f  T a s k  I i n d i c a t e d  t h a t  l i q u i d  
coolants  resul ted in  lower cool ing system weight  tha.n ga.seous 
c o o l a n t s .  The h e a t  s i n k  was  assumed t o  be t h e  hydrogen  fuel .  
Tha.t i s ,  the weight  of  the hydrogen required to cool  the vehicle .  
wa,s not  considered a .s  pa.r t  of  the cool ing system weight .  
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In t h e  design of an optimum convec t ive  coo l ing  
system,  many.parameters must  be  considered. O f  major  importance 
i s  t h e  ava i l ab le  s p e c i f i c  heat of t h e  f u e l .  One method  of  reduc- 
i n g  t h e  heat load i s  t o  use a r a d i a t i o n  b a r r i e r  o r  i n s u l a t i o n  
b e t w e e n  t h e  o u t e r  s u r f a c e  a n d  t h e  c o n v e c t i v e l y  c o o l e d  s t r u c t u r e .  
I n  t h i s  s e c t i o n ,  t h e  r e s u l t s  o f  b o t h  .a convec t ive ly  cooled  sys tem 
without and with a t h e r m a l  b a r r i e r  a r e  p r e s e n t e d .  
1. 1ndirec.t  System Without A Thermal Barr ier  
In   Reference  12 two l iqu id   coo la .n t s  were 
s e l e c t e d  f o r  u s e  i n  an ind i r ec t  sys t em;  wa te r -g lyco l  wa.s b e s t  f o r  
wal l  t empera tures  l ess  than  200°F beca.use  of i t s  l a r g e  t h e r m a l  
c a p a c i t y  a.nd good t h e r m a l  p r o p e r t i e s ,  w h i l e  f o r  t e m p e r a t u r e s  
between 200'F and 400°F, a. s i l i c o n e  l i q u i d  (Dow Corning 331) 
was cons idered .   In  t h i s  s e c t i o n   a n a l y t i c a l   r e s u l t s   f o r   s y s t e m s  
employing  these two f l u i d s  a r e   p r e s e n t e d  a n d  d i s c u s s e d .  A schem- 
a t i c  o f  t h e  s y s t e m  i s  shown i n  F i g u r e  31. The c o o l a n t  l e a v e s  
t h e  pump and e n t e r s  t h e  f u s e l a g e  p a n e l s  a . t  t e m p e r a t u r e  Ts a t  which 
p o i n t  i t  i n c r e a s e s  t o  t h e  o u t l e t  t e m p e r a t u r e  of To. The l i q u i d  
then pa.sses through a. counterflow hea.t exchanger where i t  t m n s f e r s  
h e a t  t o  t h e  h y d r o g e n  f u e l .  The hydrogen f u e l  i s  pumped t o  a. super-  
c r i t i c a . 1   s t a . t e  a.nd then passed  through  the  hea.t   excha.nger.  The 
hydrogen i n l e t  t e m p e r a t u r e  was  a.ssumed t o  be -4OOF and t h e  o u t l e t  
temperature  w a s  v a r i e d   a s   i n d i c a t e d   i n   s u b s e q u e n t   t a . b l e s .  Use of' 
a counter f low hea . t  exchanger  minimizes  the  hydrogen  f lowra te  
requirements .  
The procedures  for  comput ing  the  cool ing  sys tem weights  
and f l o w r a t e s  a r e  p r e s e n t e d  i n  T a b l e  I X  a l o n g  wi th  t h e  s y s t e n  
pa.ra.meters  used i n   t h e   a . n a , l y s i s .  The d i s t r i b u t i o n   w e i g h t   f a . c t o r  
p r e s e n t e d  i n  t h i s  t a b l e  i s  based on t h e  f a c t  t h a . t  t h e  h e a d e r s  for 
d i s t r i b u t i o n  o f  t h e  l i q u i d  c o o l a . n t  t o  t h e  i n t e g r a l  c o o l i n g  p a s s a . q e s  
a r e  a . l s o  i n t e g r a . 1  w i t h  t h e  s t r u c t u r a l  s k i n  and t h a t  t h e  f e e d e r  
l i n e  s i z e s  a r e  r e l a t i v e l y  sma.11. This  i s  poss ib l e   because   o f   t he  
r e l a t i v e l y  low f low volumes  requi red  for  l iqu ids  of  h igh  hea t  
c a p a c i t y  a.nd h igh   dens i ty .   Th i s  i s  one  of  the  rea.sons a l i q u i d  
coola.nt was  s e l e c t e d  o v e r  a gaseous  coolan t .  
Resu l t s  fo r  bo th  the  wa te r -g lyco l  and s i l i c o n e  i n d i r e c t  
cool ing  sys tem are  presented  for  va . r ious  1oca . t ions  on  the  fuse lage  
a.s a. f u n c t i o n  o f  hydrogen ou t l e t  t empera tu re  f rom the  hea t  
exchanger.  Hydrogen o u t l e t   t e m p e r a t u r e  was chosen  a.s a para.meter 
s i n c e  i t  va.ries the hydrogen flowra.te which must be compa.tible 
with the   ng ine   fue l   f l ow  r equ i r emen t s .  For t h i s   s t u d y   t h e  
coolan t  tempera ture  d i f fe rence  wa,s ma.intained a t  a consta,nt  va,lue 
s i n c e  t h e  r e s u l t s  o f  T a s k  I i n d i c a t e d  t h a . t  i t  had a n e g l i g i b l e  
e f f e c t  on the  system w2ights and hydrogen flowrates i f  a. counter -  
flow type hea.t excha.nger i s  employed. 
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Figure 31 Ind i r ec t  Liquid Convective Cooling System Schematic 
TABLE IX 
LIQUID CONVECTIVE SYSTEM PARAMETERS 
A. FLUID FLOWRATE 
Flow rate (lb/hr) = heat  input (BTUhryheat capacity 
of fluid  coolant (BTU/lb) 
where: 
heat input = h (T - TW) (A) -creTW4 A 
heat capacity of coolant = c (T - Ts) 
R 
p ' . o  
h convective  heat  transfer  coefficient 
TR  recovery  temperature 
TW Average  surface  temperature 
A area 
cp  s ecific  heat 
Ts minimum  transport  fluid  temperature 
T maximum  transport fluid temperature = T 
0.77BTUbbOFfor water glycol 
0.43 BTU/lb°Ffor  silicone 
0 W 
B. HEAT  EXCHANGER  WEIGHT 
Weight (lb) = (5.75 x 1 0  ) (Coolant Flowrate) (C ) (T - T ) -5  
P O ' S  
c. HYDROGEN FLOWRATE 
Hydrogen Flow Rate = (coolant flow rate ) (coolant  heat  capacity) 
(hydrogen  specific  heat)  (hydrogen  temperature  difference )
._ 
D. COOLANT FLUID PUMP AND  MOTOR WEIGHT 
This is taken  from  Figure 29, Reference 2. 
E.  A P U  FUEL WEIGHT 
A P U  fuel  weight  (lb) = 0.10 lb/hr-ft ) (A) (1.5 hr) 
2 
F. DISTRIBUTION  SYSTEM  WEIGHT (Includes Residual Coolant ) 
Distribution  system weight (Ib) = (p.15 lb/ft ) ( A )  
2 
> .  
NOTE: Hydrogen used for cooling is delivered  to  engines  and its weight is 
not  charged  to  the airframe cooling  system.  Cooling  passages a r e  
in  the  structural  skin and do not contribute  to  cooling  system  weight. 
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It should b e  noted  tha . t  the  t ra .nspor t  f lu id  temper-  
a t u r e s ,  Ts and To, were  se lec ted  on the  ba - s i s  o f  expe r i ence  to  
b e  r e p r e s e n t a t i v e  of those which a.re compatible w i t h  t he  cons t ruc -  
t i o n  m a t e r i a l s , o f  i n t e r e s t  a.nd which lead t o  r e a l i s t i c  e s t i m a t e s  
of   cool ing  system  weight  a.nd pe r fo rmance   cha rac t e r i s t i c s .   Pas t  
expe r i ence  a l so  sugges t s  t ha t  t he  sys t em we igh t s  a , r e  no t  pa r t i cu -  
l a r l y  s e n s i t i v e  t o  t h e s e  t e m p e r a t u r e s  as  long  a s  t h e  l e v e l s  u s e d  
for p r e l i m i n a r y  d e s i g n  p u r p o s e s  a . r e  r e l a t i v e l y  c l o s e  t o  f i n a . 1  
des ign  va lues .  
R e s u l t s  of the water-glycol  cool ing system a.na. lysis  
a r e  p r e s e n t e d  i n  Ta.ble X a.nd F igure  32. Hydrogen flowra.te,   water- 
g lyco i  f l owra . t e  a.nd cooling system component weights a.re presented 
a..s a funct ion  of   hydrogen  out le t   temperatui-e  a.nd 1oca.t ion.  The 
w a t e r  g l y c o l  was  a,ssumed t o  e n t e r  t h e  s t r u c t u r a l  p a n e l s  a t  50°F 
and  lea.ve a t  o r  below 203OF. If a. r educ t ion   i n   coo lan t   f ' l owra te  
was  d e s i r e d  t h e  i n l e t  t e m p e r a t u r e  may be rzduced t o  a.pproxima.tely 
O", however, t h e  o u t l e t  t e m p z r a t u r e  mus t  be  rnaintsined  a.t o r  below 
200°F i n  o r d e r  t o  a v o i d  s e r i o u s  d e g m d a t i o n  of' the  mechanical  
p r o p e r t i e s  o f  aluminum a l l o y  c o n s t r u c t i o n  m a t e r i a l s  and t o  p r e v e n t  
l o c a l i z e d  b o i l i n g  i n  t he  coo lan t  pas sages  which  cDuld i n  t u r n  
r e s u l t  i n  h o t  s p o t s  on t h e  v e h i c l e .  A mean wa.11 temperature  of' 
203°F was used t o  d e t 2 r m i n e  t h e  h e a t i n g  r a t e  b u t  ma.ximu:n l o c a l  
sk in  tempera ture  would vary from a.bout 190°F a t  t h e  c o o l a n t  i n l e t  
t o  a b o u t  250°F a t  t h e  c o o l a n t  o u t l e t  o f  each cooled skin panel .  
For  the  range  of  hydrogen  out le t  t empera tures  of 50F 
t o  l5OF, the   sys tem  weight   var ia t ion  was n e g l i g i b l e .  T h i s  r e s u l t s  
because th2 pump and  motor  weights  a.re s m a l l  compared t o  t h e  d i s -  
t r i bu t ion  sys t em we igh t s  and t h a t  the  hea t  exchanger  weights  a re  
based on t h e  t o t a l  h e a t  f l o w  which i s  independent of the hydrogen 
o u t l e t   t e m p e r a t u r e .  A s  a r e s u l t   o f   t h i s   s l i g h t   v a , r i a t i o n ,   o n l y   o n e  
weight i s  shown i n  T a b l e  X f o r  e a c h  l o c a t i o n .  The e f f e c t  of' nose 
r a d i u s  on t h e s e  r e s u l t s  was i n s i g n i f i c a n t ,  t h e r e f o r e ,  t h e s e  r e s u l t s  
app ly  fo r  bo th  nose  r a d i i .  
The w e i g h t s  f o r  t h e  t o t a l  w a t e r  g l y c o l  s y s t e m  i s  e s t i -  
ma.ted t o  be 13,074 l b .  For a coo lan t   i n l e t   t empera tu re   o f   50°F ,  
a. wa te r -g lyco l   f l owra te  of  1,189,000 l b / h r  i s  r equ i r ed .   F igu re  
32 presents  the  hydrogen  cool ing  requi rements  a s  a func t ion  o f  
hydrogen o u t l e t   t e m p e r a t u r e   f r o n   t h e   h e a t   e x c h a n g e r .  A s  can  be 
seen  from  Figure 32, the   hydrogen   requi red   for   cool ing   the   fuse-  
la.ge i s  l e s s  tha.n the fuel  f lowra. te ,  which f o r  the  des ign  condi -  
t i o n  i s  120,000 lb /hr .  A s  shown i n  a l a t t e r   s e c t i o n ,   t h e   h y d r o g e n  
c o o l i n g  r e q u i r e m e n t s  f o r  t h e  i n t e g m t e d  v e h i c l e  h a . v i n g  a. 200F wa.11 
temperature and a hydrogen o u t l e t  t e n p e r a t u r e  o f  l5OF which i s  n e a r  
t h e  maximum p o s s i b l e  o u t l e t  t e m p e r a . t u r e  a r e  i n  e x c e s s  o f  t h e  f u e l  
f l owra . t e ,  t he re fo re ,  a hybr id   sys tem  employing   hea t   sh ie lds   to  
r e d u c e  t h e  h e a t  f l o w  t o  the cool ing   sys tem i s  d e s i r a b l e  i f  a. 
water  g lycol  sys tem i s  t o  be g s e d  f o r  t h e  v e h i c l e  a i r f r a m e .  
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Notes: 1. Wall Temperature = 200 F 4. Maximum  Coolant Temp = 20O0F 
2. Hydrogen Inlet Temp = -400 F 5. Counter - Flow Type 
3. Minimum Coolant Temp = 50°F Heat  Exchanger 
54 
TABLE X (CONT) 
Hydrogen 
Outlet 


















































































































Hydrogen  Outlet  Temperature, F 
Fighre 32. .Hydrogen  Requirements of a Convective  Cooling  System as a Function of 
Outlet  Temperature  from  the Heat Exchanger 
Table X I  p r e s e n t s  t h e  r e s u l t s  f o r  the s i l i c o n e  c o o l -  
ing   sys tem  s tudy .  The r e s u l t s  a re  f o r  a mean wa.11 temperature  
Of  400°F. Hydrogen  f lowra. te ,   s i l icone  f luid  f lowrates   and  cool-  
ing  sys tem weight  es t ima. tes  a re  presented  a s  a func t ion  of  loca-  
t i o n  and  hydrogen outlet  temperature from the hea.t  excha,nger.  For 
t h i s  a n a . l y s i s  t h e  s i l i c o n e  wa.s a.ssumed t o  e n t e r  t h e  w a l l  p a n e l s  
a t  200°F and e x i t  a t  400°F. A s  fo r  t he  wa , t e r  g lyco l  ca . se ,  t he  
i n l e t  t e m p e r a . t u r e  o f  t h e  s i l i c o n e  f l u i d  ca.n be  reduced i n  o r d e r  
t o  d e c r e a s e  t h e  s i l i c o n e  f l o w r a t e ,  however, t h e  e x i t  t e m p e r a t u r e  
can  not  be  increased  because of f l u i d  i n s t a b i l i t i e s .  A r e d u c t i o n  
of t h e  c o o l a n t  ' i n l e t  t e m p e r a t u r e  would have a, n e g l i g i b l e  e f f e c t  on 
the cool ing system weight  a,nd n o  e f f e c t  on the  hydrogen  f lowra te  
requirements .   For  t he  range   of   ou t le t   t empemtures   cons idered ,  
the  cool ing  sys tem weight  var ia t ion  wa.s n e g l i g i b l e ,  t h e r e f o r e ,  
only  one  value , i s  shown i n  Ta.ble X I .  The r e s u l t s  shown i n  Ta.ble 
X I  a r e  f o r  e i t h e r  t h e  sma.11. Qy l a r g e  n o s e  r a d i u s  s i n c e  t h e  e f f e c t  
of  nose  r ad ius  i s  i n s i g n i f i c a p t .  
The e s t i m a t e d  w e i g h t  f o r  t h e  s i l i c o n e  c o o l i n g  s y s t e m  
i s  11,712 pounds. A s i l i cone   f l owra . t e  o f  1,707,500 l b / h r  i s  
requi red  i f  t h e   i n l e t   t e m p e m t u r e  i s  200°F. F igure  32 shows t h e  
hydrogen  f lowra . t e s  r equ i r ed  to  coo l  t ne  ou te r  su r f ace  to  400°F 
a s  a func t ion  of  hydrogen  out le t  t empera ture  f rom the  hea t  ex-  
changer.  Because o f  t he  lower  hea t  l oad  f'or t h e  40a°F w a l l  and 
the  g rea t e r  t empera tu re  r i s e  o f  t he  hydrogen  coohn t ,  t he  hydrogen  
f lowra te  r equ i r emen t s  a re  much l e s s  t h a n  t h e  r e q u i r e m e n t s  f'or a 
200°F ws l l  system.  These  f lowra.tes  are  well   within  the  ra.nge  of 
fue l  consumpt ion  of  the  engines .  
Table X I 1  summarizes the  sys tem parameters  for  a water  
g l y c o l  and a s i l i c o n e   c o o l i n g   s y s t e m .   R e s u l t s   a r e  f o r  e i t h e r  t h e  
0.5 i n c h  a,nd 2 . 0  i n c h  n o s e  r a d i u s  s i n c e  t h e  e f f e c t  o f  n o s e  r a d i u s  
i s  neg l ig ib l e .   S ince   coo l ing   sys t em component we igh t s   a r e   ve ry  
weak f u n c t i o n s  o f  c o o l a n t  i n l e t  t e m p e r a t u r e  a.nd hydrogen o u t l e t  
temperature ,  design of  the cool ing system depends pr ima.r i ly  on t h e  
compa t ib i l i t y  o f  t he  hydrogen  coo l ing  r equ i r emen t s  wi th  the hydrogen 
f u e l  consumDtion  requirements. A water -g lycol   sys tem  requi res  
hydro en f lowrates  neaxly equal  t o  the design point  hydrogen 
Fuel  Flow requi rements  such  tha t  a system w i t h  hea . t  sh ie lds  i s  
des i r ab le  whereas  fo r  a s i l i cone  sys t em the  hydrogen  f lowra te  
requi rements  a . re  wel l  be low the  engine  fue l  f low requi rements .  
If necessary  the hydrogen  f lowrates  can be reduced by des igning  
the heat  excha.nger  to  minimize the tempera. ture  difference between 
t h e  maximurn coola .nt  temperature  and the  hydrogen  out le t  t empera-  
t u r e .  Hovever, a s  t h e   t e m p e T a x r e   d i f f e r e n c e   d e c r e a s e s   t h e   s u r -  
f ace  a rea  inc reases  exponen t i a l ly  hence  the  hea t  exchange r  we igh t s  
increa.se  exponent ia . l ly  and cannot be p r e d i c t e d  by t h e  equa.tio_rl i n  
Table I X .  The re fo re ,   s ince   t he   coa lan t   i n l e t   empera tu re  i s  f i x e d ,  
t he  op t imiza t ion  o f  t he  coo l ing  sys t em becomes a s t r o n g  f u n c t i o n  










TABLE  XI 
INDIRECT SILICONE SYSTEM SUMMARY 
Hydrogen 
Out1 et 























System Flowrate Flowrate 
Cooling Hydrogen 






























Notes: 1. Wall Temperature = 400 F 4. Maximum  Coolant  Temp = 400°F 
2. Hydrogen  Inlet  Temp = -400'F 5. Counter-Flow Type Heat  Exchanger 
3. Minimum Coolant Temp = 2OO'F 
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FUSELAGE CONVECTIVE COOLING SYSTEM SUMMARY 
Hydrogen 
Flowrate  Flowrate System Weight 
Coolant Hydrogen Cooling 
Outlet 
Temperature 
( "  F )  ( l b )  (Ib/hr ) (Ib/hr 1 
Water Glycol System 
1,180,000 70,798 13,075 150 
1,180,000 86,531 13,075 50 
1,180,000 111,244  13,075 -50 




Silicone  System 1,707,500  64,112 11,7  12 100 
400' F Outer Wall 
Temperature 
200 1,707,500  54,435 11,712 
300 1,707,500  45,791 11,712 - 
di f fe rence  be tween the  ma.ximum coolant  tempera ture  and hydrogen 
o?..ltlet t empemture  o f  l e s s  t han  25F w i l l  r e s u l t  i n  undo weight 
p e n a l t i e s .  
The coolan t  f lovr ra . tes  for  a water -g lycol  sys tem i s  
1,180,000 l b / h r  and f o r  t h e  s i l i c o n e  s y s t e m  i s  1,707,500 l b / h r .  
These appear  large because of  the 18,400 square  fee t  o f  sur face  
a r e a   t h a t  must  be  cooled.  Flowrates  of  this  order of  magnitude 
can  be eas i ly  handled  by p r e s e n t  s t a t e - o f - t h e - a r t  e q u i p n e n t .  
2.  Convective Cooling Systems With Thermal  Barr ie rs  - 
Est imates  of  the  hydrogen  requi rements  for  a complete 
convec t ive  coo l ing  o f  t he  ex te rna l  veh ic l e  su r face  ind ica t e s  t ha t  
t h e  c o o l i n g  r e q u i r e m e n t s  a r e  n e a r l y  e q u a l  t o  and i n  some c a s e s  i n  
excess  of t h e  e n g i n e  f u e l  f l o w  r e q u i r e m e n t s  f o r  w a l l  t e m p e r a t u r e s  
which allow use of' thro conven t iona l  s t ruc tu ra l  ma te r i a l s  such  a s  
aluminum o r  t i t an ium a . l loys .  To reduce  the  coola.nt   requirements,  
t h e  h e a t  1oa.d to  the  coo l ing  sys t em mus t  be reduced by employing 
a thermal   p ro tec t ion   sys tem.   S ince  a f i b r o u s   i n s u l a t i o n   l a y e r  
may ha.ve poten t ia . l ly  undes i rab le  serv ice  problems,  Reference  12, 
only an a i r  g a p / r a d i a t i o n  s h i e l d  s y s t e m  was s tud ied .  
The a i r  gap / r ad ia t ion  sh ie ld  sys t em cons i s t s  o f  an  
o u t e r  w a l l  of a l i g h t w e i g h t  s e m i - s t r u c t u r a l  p a n e l  h a v i n g  a h igh  
thermal  emit tance,  an air  gap which may c o n t a i n  some low weight, 
low e m i s s i v i t y  s h i e l d  o r  t h e r m a l  i n s u l a t i o n  and  a convec t ive ly  
coo led   s t ruc tu ra .1   i nne r   wa l l .   Rad ia t ion   sh i e ld ing  would cover  
a r e a s  of t h e  v e h i c l e  t h a t  a r e  s u b j e c t e d  t o  h i g h  h e a t i n g  r a t e s .  If 
an a i r  gap/ rad ia t ion  sh ie ld  sys tem i s  des igned  co r rec t ly ,  hea t  f l ow 
to  the  convec t ive ly  coo led  sys t em by conduct ion and convec t ion  i s  
reduced .   Conduct ion   f rom  the   ou ter   sur face   to   the   inner   sur face  
can be reduced by  a wel l  designed support  system made of low con- 
d u c t i v i t y ,  low dens i ty   mater ia l s .   Convect ion  i s  more d i f f i c u l t  
t o  e l i rn imte  s ince  the  gap  be tween  the  o u t e r  s u r f a c e  and i n n e r  s u r -  
f a c e  i s  f i l l e d  with a i r .  Natura l  convec t ion  be tween the  sur faces  
i s  p r o p o r t i o n a l  t o  t h e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  w a l l s ,  t h e  
spacing between surfaces,  and t h e  p r o p e r t i e s  of t he  f lu id  be tween  
the   su r f aces .   S ince  some f l u i d  p r o p e r t i e s  a r e  p r o p o r t i o n a l  t o  
p r e s s u r e ,  t h e  h e a t  t r a n s f e r  by convect ion i s  a l s o  p r o p o r t i o n a l  t o  
p re s su re .  
A t  c r u i s e  c o n d i t i o n s ,  t h e  a v e r a g e  s t a t i c  p r e s s u r e  on 
t h e  v e h i c l e  s u r f a c e s  i s  less  than  lOmm of mercury hence the 
n a t u r a l  c o n v e c t i o n  h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  q u i t e  s m a l l .  
A d d i t i o n a l  s h i e l d s  will reduce  the  tempera ture  d i f fe rence  
be tween ad jacent  sur faces  which  reduces  na tura l  convec t ion  to  an  
even lower l e v e l  a s  w e l l  a s  r e d u c i n s  t h e  r a d i a n t  h e a t  t r a n s m i s s i o n .  
Thus f o r  pre l iminary  des ign  purposes ,  the  na tura l  convec t ion  can-  
t r i b u t i o n  t o  t h e  t o t a l  h e a t  f l o w  was cons idered  to  be  secondary .  
From the  above  d iscuss ion  both  the  complexi ty  and advantages of 
an air gap/ rad ia t ion  sh ie ld  sys tem are  ev ident .  If properly  aug- 
mented by  a t he rma l  p ro tec t ion  a r r angemen t ,  hea t  i npu t  t o  the  
ac t ive  cool ing  sys tem can  be  cons iderably  reduced  thereby  reducing  
t h e  q u a n t i t y  of' hydrogen required f o r  hea t  s ink  pu rposes .  
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For t h i s  t a s k ,  two rad ia t ion  sh ie ld  a r rangements  were  
considered.  The f i r s t  cons i s t ed  of s h i e l d i n g  a l l  a r e a s  o f  t h e  
veh ic l e  i n  wh ich  the  r ad ia t ion  equ i l ib r ium t empera tu res  were  in  
excess of 8 0 0 ' ~ .   T h i s  i s  the  shaded  area  of   Figure 33 and i s  
r e f e r r e d  t o  as t h e  8 0 0 ' ~  r a d i a t i o n  s h i e l d  s y s t e m .  The  second con- 
s i s t e d  of s h i e l d i n g  a l l  a r e a s  o f  t h e  v e h i c l e  i n  which t h e  r a d i a -  
t i on  equ i l ib r ium t empera tu re  were  in  excess  o f  1000'F. T h i s  i s  
t h e  shaded area of Figure 34 and i s  r e f e r r e d  t o  a s  t h e  1000°F 
rad ia t ion  sh ie ld  sys t em.  
A s  a r e s u l t  o f  t h e  r a d i a t i o n  s h i e l d ,  t h e  h e a t  f l o w  
in to  the  convec t ive  coo l ing  sys t em i s  reduced thus the hydrogen 
r equ i r ed  fo r  coo l ing  dec reases .  The h e a t  f l o w  i n t o  t h e  c o o l i n g  
system i s  g iven  by 
where 
2 A = su r face   a r ea  - f t  
CT = .173 x BTU/Hr-Ft2- "R 4 
Tw = o u t e r   w a l l   t e m p e r a t u r e  - O R  
Ti = i nne r   wa l l   t empera tu re  - O R  
and Eo i s  g iven  by the   qua t ion  
Eo = 1 
(Go+ c - G o €  1 2-( 
+ (7) 
GO& 
In   t he   above   equa t ion  E i s  the   thermal   emi t tance  of t h e   o u t e r  
wa11,0.8, € i s  the  the rma l  emi t t ance  o f  t he  sh i e lds  and inner  wal l ,  0.2, 
and  n i s  t h e  number  of s h i e l d s .  The o u t e r  w a l l  t e m p e r a t u r e  i s  
obta ined  by so lv ing  the  equa t ion  
4 
q =  h A (Tr-Tw) -d€,ATW 
Weight of the radiation augmented system was  assumed 
t o  c o n s i s t  o f :  
1. Outer   wal l   p lus   rad ia t ion   sh ie ld   weights   which  w2re 
obtained  from  Reference 12 
2. Cooling  system  weight  of unshielded  region. 
3. Cooling  system  weight of sh ie lded   reg ion .  
The cool ing  sys tem weights  a re  made up o f  t he  d i s t r ibu t ion  sys t em 
weight ,  the heat  exchanger  weight ,  pump weight and t h e  APU f u e l  
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Radia t ion  S h i e l d s  
Figure 33 8 0 0 ' ~  Radiation Shield  System 
w 
R a d i a t i o n  Shields 
Figure  34. lOOO'F Radiation Shield System 
weight .  The method for computing  these  weight i tems was presented  
in  Tab le  I X .  It should  be  noted  tha t  the  hea t  exchanger weight i s  
the  on ly  one of the  above  weights  tha t  depends  on h e a t i n g  r a t e .  
Table X I 1 1  p r e s e n t s  t h e  h e a t  f l o w  i n t o  t h e  i n d i r e c t  c o o l i n g  
sys tem as  a func t ion  of  loca t ion ,  sh ie ld  sys tem and wal l  temper-  
a t u r e .  A s  t h e   a r e a   o f   r a d i a t i o n   s h i e l d i n g  and  number of s h i e l d s  
i s  i n c r e a s  d t he  hea t  f l ow to  the  coo l ing  sys t em dec reases  f rom 
84.85 x log fo the  1000°F radiat ion shield system w i t h  an a i r  gap 
t o  30.39 x BTU/Hr fo r   t he   800°F   r ad ia t ion   sh i e ld   sys t em w i t h  
fou r6sh ie lds .  The h e a t  flow for   an   unshie lded   sys tem i s  13.42 
x 10 BTU/Hr. A s  f o r  t h e  unshie lded   sys tem,   the   hydrogen   in le t  
t empera tu re  to  the  hea t  exchange r  was  assumed t o  be  -400F  and the  
o u t l e t  t e m p e r a t u r e  was varied  between -5OF and  l5OF. The coolan t  
was assumed t o  e n t e r  t h e  s k i n  p a n e l s  a t  5OF and g x i t  a t  t he  ave rage  
wal l  temperature .  
F igu re  35 p resen t s  t he  coo l ing  sys t em we igh t  a s  a f u n c t i o n  
of sh ie lded  area  and  number  of i n t e r n a l  r a d i a t i o n  s h i e l d s  f o r  a 
water  glycol  augmented  cooling  system. From t h i s  f i g u r e ,   t h e  
optimum system i s  n o t e d  t o  be a 1000°F rad ia t ion  sh ie ld  sys tem 
with one s h i e l d .  S h i e l d i n g  more  than 2000 f t2 o f  t he  fuse l age  
r e s u l t s  i n  an  inc rease  i n  t o t a l  s y s t e m  w e i g h t  s i n c e  t h e  a d d i t i o n a l  
weight  of  the  sh ie lds  i s  g r e a t e r  t h a n  t h e  d e c r e a s e  i n  heat-exchanger 
weight   resul t ing  f rom  the  reduced  heat  h a d .  The s m a l l  weight 
reduction obtained by adding  one  rad ia t ion  sh ie ld  may not j u s t i f y  
t h e  c o s t .  
-v 
Figure  36 and 37 present  the  hydrogen  f lowra te  requi rements  
a s  a func t ion  of  hydrogen  out le t  t empera ture  and  number of s h i e l d s  
f o r  t h e  8 0 0 ~  sh ie ld  sys tem and lOOOF sh ie ld  sys tem respec t ive ly .  
T o  c o o l  t h e  f u s e l a g e ,  a hydrogen f lowrate  cf approximately 20,000 
lb/hr  is r e q u i r e d  f o r  t h e  8 0 0 ~  shield system and approximately 
44,000  lb/hr i s  r e q u i r e d  f o r  t h e  lOOOF shield  system.  For  a water  
glycol  system a t radeoff  between shielded area and hydrogen require-  
ments i s  r e q u i r e d  f o r  t h e  i n t e g r a t e d  v e h i c l e  a s  shown i n  a l a t t e r  
s e c t i o n .  
F igu re  38 presents  the  cool ing  sys tem weight  as  a f u n c t i o n  
of  sh ie lded  area  and  number  of s h i e l d s  for a s i l i c o n e  augmented 
cool ing  system. The r e s u l t s  h a v e  t h e  s i m i l a r  t r e n d  a s  f o r  t h e  
water   g lycol   sys tem.   For  t h i s  system,  the  point a t  which  the 
i n c r e a s e  i n  s h i e l d  w e i g h t  e q u a l s  t h e  d e c r e a s e  i n  w e i g h t  due t o  
the  reduced  hea t  f low i s  the same a s  in the water  g lycol  case ,  
t h a t  i s ,  1000°F  shield  system w i t h  one s h i e l d .  The hydrogen  flow- 
r a t e  r e q u i r e m e n t s  a r e  p r e s e n t e d  i n  F i g u r e s  39 and 40. For  the  
l O O O F  s h i e l d  s y s t e m  l e s s  t h a n  28,000 lb/hr  i s  r e q u i r e d  w h i l e  f o r  
t h e  8 0 0 ~  system hydrogen f low rates  of l e s s  t h a n  l3,OOO lb/hr i s  
required which leaves a h e a t  s i n k  p o t e n t i a l  a v a i l a b l e  f o r  o t h e r  
a r e a s  of the veh ic l e .  
Table X I V  summarizes  the system weights ,  coolant  f lowrate  
and   hydrogen   f lowra tes   for   a l l   sys tems.  The l O O O F  r a d i a t i o n  s h i e l d  
system has a coolan t  sys tem weight  of  less  than  13,000 pounds f o r  
a 200F i n n e r  w a l l  t e m p e r a t u r e  and l e s s  t h a n  12,000 pounds f o r  a 
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TABLE XIII 
HEAT LOADS TO AUGMENTED CONVECTIVE COOLING SYSTEM 
Description ( 3 )  
A i r  Gap without  any 
Radiation  Shields 
A i r  Gap with  One 
Radiation  Shield 
Ai r  Gap with 4 
Radiation  Shields 
Heat  Load BTU/hr 
1000 F Radiation 
~~ 
Shielc 
200 o F wall(') 
Temperature 
84.85 x 10 6 
81.54 x 10 6 




67.62 x 10 6 
64.39 x 1.0 6 
62.99 x 10 6 
800 ' F Radiation 
Shield S, 
200 O Wall 
Temperature 
40.19 x 10 6 
33.38 x 10 6 
30.39 x 10 6 
( 1 ) Heat Load €or an  Unshielded  System  €or Tw = 200' F is 136.4 x 10 6 BTU/hr 
( 2 )  Heat Load For an Unshielded  System For Tw = 400' F is 112.2 x 1 0  BTU/hr 6 
( 3 ) Thermal  emittance of outer  wall = 0.8 
Thermal  emittance of inner  wall  and  shield = 0.2 
,tern 
400° F Wall 
Temperature 
31.99 x 10 6 
25.72 x 10 6 
22.95 x 10 6 
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RADIATION  AUGMENTED  SYSTEM  SUMMARY 
H2 
Outlet 
Shield System Shields Temp, 
1000°F Radiation NO 
No. of Radiation 
S hie Id s 
Cooling System 
4 1 Air Gap - OF 
50,750  51,750 53,850 85,750 50 Hydrogen Flow- cn 
65,350  66,550 69,250  111,400 
13,170  12,920 13,050  13,080 - 
a Weight (lb) 
ti$ 
$3  3 
-50 
3; g 41,550  42,340 44,030  70,800 150 E B k  
3 5  
a rate (lb/hr ) 
k d F 
3: 
685,500  698,000 726,000 1,168,000 - Coolant  low- 
B O  
rate  (lb/hr) 
0 
c.l 
.Coolant  System 12,280 12,050 12,150 11,860 - a, 
0 
d Weight (lb) 100 36,000  36,780 38,680 64,080 
44 i@ g 
2 29,980 30,650 32,190 53,410 200 Hydrogen Flow- 
B k rate  (lb/hr ) 
g L q  25,720  26,280 27,580 45,790 300 
z - b  .2 Q) 
m 732,000  748,500 786,200 1,304,000 - Coolant Flow- 





32,780  2 2 24,630 
'2 ,480  21,180 19,160 
20,840  17 1 15,670 
343,800  285,500  258,500 
15,480  15,380  16,110 
18,280  14 2 13,120 
15,220  1 ,240  10,930 
13,040  10,490  9 36
372,000  299, 00  266,800 
"" 
4003' i n n e r  wall temperature. For t h e  8 0 3 ~  s h i e l d  system between 
3000 and 3500 pounds i s  paid i n  o r d e r  t o  reduce t h e  required 
hydrogen flow rates by 50% as compared to t h e  1 O O O F  shield system 
and by about  70% as compared to an unshielded system. 
SECTION 5 
FUSELAGE  STRUCTURE 
For the  purposes  of  t h i s  s tudy  the  fuse l age  s t ruc tu re  was 
assumed to  cons i s t  o f  fue l  t anks ,  t he  pas senge r  compar tmen t ,  and 
the   a i r f r ame   s t ruc tu re .   Des ign   concep t s  for each  area  were 
examined t o   e s t a b l i s h   r e p r e s e n t a t i v e   f u s e l a g e   w e i g h t s .  Only  non- 
i n t e g r a l  f u e l  t a n k s  were considered although four point non- 
redundant and mult iple  point  redundant  support  arrangements  were 
i n v e s t i g a t e d .  For t h e  c o o l e d  a i r c r a f t  s t r u c t u r e  i s o t h e r m a l  and 
non-isothermal tanks were examined assuming 2219-T87 aluminum 
a l l o y  and Incone l  718 m a t e r i a l s .  Only t h e  l a t t e r  m a t e r i a l ,  t h e  
non-isothermal  concept ,  and the  four  poin t  suppor t  a r rangement  
were   cons ide red   fo r   t he   uncoo led   fu se l age   s t ruc tu re .   Pas senge r  
compartment studies were separated from the basic fuselage because 
the  des ign  o f  t h i s  region i s  predominant ly  inf luenced by t h e  
r equ i r ed   i n t e rna l   p re s su r i za t ion .   In   t he   ca se   o f   t he   coo led   a i r -  
c r a f t  it was assumed t h a t  the  s t ruc ture  of  the  passenger  compar tment  
would  be m a i n t a i n e d  a t  7OF  by t h e  s t r u c t u r a l  c o o l i n g  s y s t e m  s u c h  
t h a t  i n s u l a t i o n  would n o t  be requi red .  For the   uncooled  a i r f rame,  
i n su la t ion  r equ i r emen t s  i n  the  pas senge r  compar tmen t s  were  op t i -  
mi s t i ca l ly  omi t t ed  a s  were  cons ide ra t ions  o f  env i ronmen ta l  con t ro l  
n e c e s s a r y  t o  m a i n t a i n  a s u i t a b l e  t e m p e r a t u r e  l e v e l .  
The s t r u c t u r a l  l o a d s  and d e s i g n  c r i t e r i a  o f  S e c t i o n  2 were 
u s e d   t o   d e f i n e   s i z e s   o f   f a s e l a g e   a i r f r a m e  members.  Weight f o r  
t h e  200F cooled  fuse lage  s t ruc ture  was determined by s i z i n g  t h e  
s t i f fened  skins ,   passenger   compartment   f rames,   f loor ,  and s e l e c t e d  
s ide   f rames .  The 7075-T6 a l l o y  was assumed.  Weight  estimates 
f o r  t h e  t i t a n i u m  a l l o y  s t r u c t u r e  was assumed t o  b e  e q u a l  t o  t h a t  
for aluminum a l loy  s ince  the  wing  s tudies  of  Reference  12  ind i -  
c a t e d  l i t t l e  d i f f e r e n c e  i n  s t r u c t u r a l  w e i g h t s  f o r  t h e  7075-T6  and 
6 A1-4V a l l o y s .  For t h e  aluminum a l l o y  s t r u c t u r e  a minimum gauge 
th ickness  of  0.040 inch  was assumed while f o r  t h e  t i t a n i u m  a l l o y  
s t r u c t u r e  t h e  minimum gauge  thickness  was 0.032 inch .  Incone l  718 
was assumed to be t h e  c o n s t r u c t i o n  m a t e r i a l  f o r  t h e  u n c o o l e d  f u s e -  
l a g e  where a minimum gauge of 0.010 inch  was assumed along wi th  an 
average   opera t ing   tempera ture   o f  1OOOF. D e t a i l s   o f   t h e s e   s t u d i e s  
i n  the t h r e e  a r e a s  o f  t h e  f u s e l a g e  s t r u c t u r e  a r e  summarized and t h e  
r e s u l t s  a r e  i n t e g r a t e d  t o  p r o v i d e  a. comparison of  fuselage s t ruc-  
t u r a l  w e i g h t s  for the cooled and uncooled concepts in subsequent 
s e c t i o n s .  
A .  TANKS 
The Mach 6 hype r son ic  t r anspor t  r equ i r e s  a t o t a l  f u e l  
capacity of 183,000 l b s  which i s  assumed t o  be s tored  in  non-  
i n t e g r a l  f u e l  t a n k s .  I n  R e f e r e n c e  1 six   t anks   were  assum3d  most 
of  which  had f l a t  e n d s .  For the  present  s tudy  four  tanks  were  
assumed with e l l i p t i c a l  h e a d s .  L a y o u t s  w e r e  made t o  e s t a b l i s h  
t a n k  s i z e s  t o  maximize t h e  q u a n t i t y  of fue l  which  could  be 
c a r r i e d   i n   t h e   a v a i l a b l e   s p a c e .  I n  e s t a b l i s h i n g   t h e   t a n k   s i z e s  
i t  was  assumed t h a t  t h e  a i r f r a m e  s t r u c t u r e  would extend inward 
s i x  inches  f rom the  ex te rna l  mold l i n e s  of t h e  c o n f i g u r a t i o n  and 
t h a t  t h r e e  i n c h e s  of i n s u l a t i o n  would  be requi red  a round the  
t anks .  With t h e s e  c o n s t r a i n t s  a t o t a l  f u e l  volume  of  between 
40,000 and 41,100 c u b i c  f e e t  was obtained depending on whether 
o r  not   d i shed  domes a r e  employed. The cor responding   fue l   weights  
a r e  178,000 l b s  and   181 ,500   lbs .   Subsequent   s tud ies   o f   s t ruc ture  
and i n s u l a t i o n  d e t a i l s  i n d i c a t e d  t h a t  s l i g h t l y  l a r g e r  d i a m e t e r s  
could be used b u t  t h i s  r e f i n e m e n t  was n o t  c a r r i e d  b a c k  t o  t h e  
tank  des ign .  
The gene ra l  t . ank  a r r angemen t  in  the  fuse l age  i s  i l l u s t r a t e d  
by the  c ros s - sec t iona .1  v i ew in  F igu re  41 , which   inc ludes   repre-  
s e n t a t i v e  f u s e l a g e  f r a m e  s i z i n g  a l o n g  with t h e  3 i n c h  i n s u l a t i o n  
a 1  lorrance. I n d i v i d u a l  t a n k  s i z e s  a r e  shown i n   F i g u r e s  42 t h r u  
45. The tanks  were  designed f o r  a working  pressure of 25 p s i  
m u  a b u r s t   p r e s s u r e  of' 50 p s i .  As shown i n   F i g u r e  4 1  t h e  
gene ra l  t ank  s t ruc tu ra .1  a r r angemen t  cons i s t s  of a.n i n t e g r a l l y  
s t i f f e n e d  p r e s s u r e  s h e l l  with i n t e r n a l  r i n g s  n e c e s s i t a t e d  by t h e  
bending moments induced due t o  t h e  f u e l  w e i g h t  and methods of 
s u p p o r t .  F o r  t h e  i s o t h e r m 1  aluminum a l l o y  t anks  the  des ign  d i d  
n o t  c o n s i d e r  t h e r m a l  s t r e s s e s  o r  a f f e c t s  of' f u s e l a g e  r e s t r a i n t .  
The t ank  was  assumed t o  be supported by t h e  f u s e l a g e  f r a m e s  a t  
40 i n c h  i n t e r v a l s  so t h a t  s t i f f e n i n g  r i n g s  w i t h i n  t h e  t a n k s  were 
placed on 40 i n c h   c e n t e r s .   I n t e g r a l   s t i f f e n i n g  was r equ i r ed  
o n l y  i n  t h e  v i c i n i t y  of the ends which extended beyond t h e  o u t e r -  
most  ta .nk supports  and essent ia l ly  ha.d t o  c a r r y  t h e  w e i g h t  o f  t h e  
f u e l  i n  t h e  end  omes t o  t h e  p o i n t  of 1oa.d r e a c t i o n .  Between t h e  
second  and  second l a . s t  s u p p o r t s  i n t e g r a l  s t i f f e n i n g  was n o t  
r equ i r ed  s ince  the  bend ing  moments between the 40 inch supports  
were  small. For t h e  aluminum a l loy   non- i so the rma l   t ank ,   suppor t  
was provided a t  two major  r ings  wh i l e  l i gh te r  r i ngs  were  used  on 
40 i n c h   c e n t e r s   t o   a i d  i n  s t i f f e n i n g  t h e  s h e l l .  I n t e g r a l  s t i f f e n -  
e r s  were a l s o  u s e d  t o  s t a b i l i z e  t h e  s h e l l  i n  o r d e r  to avoid buck- 
l i n g .  For t h e  I n c o n e l  718 tanka.ge  which was n o n - i s o t h e r m a l  i n  
des ign ,  t he  des ign  p rocedure  fo l lowed  tha t  of t h e  n o n - i s o t h e r m a l  
aluminum tankage  excep t  t ha t  t he rma l  s t r e s ses  due  to  t empera tu re  
d i s t r i b u t i o n s  were  included.  For t h e  aluminum a l l o y  t a n k s  w a l l  
t h i cknesses  ran,ged from 0.080 t o  0.090 i n c h  w h i l e  f o r  t h e  I n c o n e l  
718 tankage  the  wall t h i c k n e s s  was 0.025 inch  i n  a l l  c a s e s .  
The running weights  f o r  t h e  va- r ious  tank  concepts  a re  pre-  
sen ted  i n  F igure  4 6 .  These   we igh t s   i nc lude   sk ins ,   r i ngs ,  
suppor t s ,   and   s t r inge r s  a.s appropr ia te .   Suppor t  weYghts a r e  
i n c l u d e d  f o r  t h e  aluminum a l l o y  t a n k s  b u t  n o t  f o r  t h e  I n c o n e l  718 
tankage. Weights f o r  t h e '  aluminum a l l o y s  tanks were approxima-tely 
20,000 l b s  r e g a r d l e s s  of' t he  concep t  u sed  wh i l e  t he  to t a l  we igh t  
of t h e  I n c o n e l  718 t anks  was 16,100 l b s  t o  which should be added 
approximately 1500 l b s  f o r  s u p p o r t s  b r i n g i n g  t h e  t o t a l  t o  1 7 , 6 0 0  
lbs. In  reviewing  Figure 46 it i s  seen tha. t  t ank   weights   peak  
a t  d i s t a n c e s  a b o u t  1400 a.nd 2100 inches  f rom the  nose .  T h i s  i s  
due to  the  a s sumpt ion  of' dished heads on Tanks No. 1 and 3 such 
tha. t  t h e  h i g h e r  w e i g h t s  i n  t h e  h e a d  r e g i o n s  a r e  a d d i t i v e  f o r  
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Figure 41. Tank Arrangement in  Fuselage 
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Figure 43. Geometry of Tank No. 2 
VOLUM€ = 6.866 FT.' (7,234 FT? WTU b\SUEb FmhK "E) 
Figure 44. Geometry of Tank No. 3 
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Figure 45. Geometry of Tank No. 4 
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occur s  abou t  1800 inches  f rom the  nose ,  for t h e  i s o t h e r m a l  t a n k  
i s  due t o  t h e  f a c t  t h a t  th i s  t a n k  d i d  n o t  r e q u i r e  s t r i n g e r  s t i f f -  
ening inasmuch as  mul t ip le  suppor ts  a re  employed .  
S e l e c t i o n  o f  t h e  t y p e  o f  t a n k  s u p p o r t  was ba.sed  prim- 
a r i l y  upon c o n s i d e r a t i o n s  of thermal  deformation and thermal  
s t r e s ses .   Hea t   l eakage   t h rough   t he   suppor t s  was no t   cons ide red  
a dominant  considerat ion f o r  p r e l i m i n a r y  d e s i g n  s i n c e  o t h e r  s t u d i e s  
s u g g e s t  t h a . t  t h e  u s e  o f  l o c a l  i n s u l a t i o n ,  o r  low thermal conduc- 
t iv i ty  mateTia ls  could  keep  the  suppor t  hea . t  1ea .kage  to  a r e l a -  
t i v e l y  s m a l l  percenta .ge  of  the  hea t  flow t h r o u g h  t h e  i n s u l a t i o n .  
F o r  t h e  h y p e r s o n i c  t r a n s p o r t  t h i s  i s  pa , r t i cu la . r ly  t rue  because  o f  
t h e   l a r g e   s i z e   o f -   t h e   t a n k a g e .   B e c a u s e   t h e   i n f l u e n c e   o f   s u p p o r t .  
h e a t  1ea.ka.ge w i l l  d i f f e r  deper,ding upon t h e  p a . r t i c u l a r  t a n k  con- 
s i d e r e d  a.nd t h e  s c h e d u l i n g  o f  f u e l  u t i l i z a , t i o n ,  g r e a . t e s t  c a . r e  
would b e  r e q u i r e d  f o r  t h e  s u p p o r t s  o f  Tank No. 1 s i n c e  t h i s  i s  t h e  
l a . s t  t a n k  t o  be emptied.  
An a.pproxima.te i nd ica t ion  o f  t he rma .1  s t r e s ses  a.nd de- 
fo rma , t ions  were  ca l cu la t ed  fo r  a r e p r e s e n t a t i v e  t a n k  c o m p a r a b l e  t o  
a.n e a . r l y  v e r s i o n  o f  t h e  d e s i g n  f o r  Tank No. 1. A mea.n t a n k  
dia.meter of 15.3 f t .  was  used  a.long w i t h  t he  l eng th  o f  47.8 f t .  
Therma.1  moments  and the rma l  s t r e s ses  were  computed  assuming f u l l  
r e s t r a i n t  o f  therma.1  bending  deformations. The thermal  moment 
v a r i e s  s i n u s o i d a l l y  a.s a. f unc t ion  o f  t he  a .ng le  which d e f i n e s  
l i q u i d  l e v e l  and reaches a  maximum of' 93 mil l ion inch-pounds when 
t h e  t a n k  i s  h a l f  f u l l .  For purposes  of  ana . lys i s  i t  wa.s assumed 
tha . t  the  por t ion  of  the  ta .nk  wal l  in' contac t  wi th  the  hydrogen  
f u e l  wa.s a t  a tempera.ture of -420F while t h a t  po r t ion  o f  t he  t a .nk  
s h e l l  n o t  i n  c o n t a c t  w i t h  t he   l i qu id   hydrogen  was a t  0°F. T h i s  
thermal  moment i s  a.bout h a l f  a s  l a r g e  a s  t h e  ma.ximum fuse la ,ge  
bending moment r e s u l t i n g  f r o m  f l i g h t  and t a x i i n g  c o n d i t i o n s  and 
a s  s u c h  s u g g e s t  t h a t  t he  use  o f  a. f u l l y  r e s t m i n e d  t a n k  d e s i g n  i s  
n o t  d e s i r a b l e  when l a r g e  t e m p e r a t u r e  g r a d i e n t s  may e x i s t .  
A conse rva , t i ve  e s t ima te  of' t he  the rma l  s t r e s ses  induced  
i n  t h e  t a . n k  i s  p r e s e n t e d  i n  F i g u r e  47 a s  a f u n c t i o n  o f  f u e l  l e v e l .  
T h e s e  s t r e s s e s  were  computed using  the  methods  of  Reference 17 
which  a.ssumes a s t e p  cha.nge i n  t e m p e r a t u r e  a t  t h e  l i q u i d  l e v e l .  
When t h e  ta .nk i s  a.lmost f u l l  o r  a.lmost  empty  such  an  assumption 
1ea.ds t o   l a . r g e   e r r o r s .   T h e r e f o r e ,   d a s h e d   l i n e s   a . r e   u s e d   t o  
a p p r o x i m a t e  c e r t a i n  o f  t h e  s t r e s s e s  f o r  f l u i d  l e v e l  a n g l e s  between 
0 and 30" a.nd between 150" and 180" .  The max imum magnitudes of 
t h e  s t r e s s e s  i s  about  30,000 p s i  which  would r e q u i r e  t h e  u s e  o f  
s t i f f ened  t a .nk  w a l l s  i n  o r d e r  t o  a v o i d  b u c k l i n g .  
Thermal s t resses  can be minimized by e l i m i n a t i n g  
r e s t r a . i n t ,  however, t h i s  l e a . d s  t o  r e h t i v e l y  l a r g e  t a n k  d e f l e c -  
t i o n  a.s shown i n  F i g u r e  48 f o r  t h e  ca.se of t h e  h a , l f  f i l l e d  t a n k s  
where thermal moments a r e  a. ma.ximum and  a.ssume a v a r i e t y  of  end 
f i x i t y   c o n d i t i o n s .  For t h i s  p a . r t i c u l a r  t a n k  t h e  K = 0 case ,  
s i m p l e   s u p p o r t ,   l e a d s   t o  a d e f l e c t i o n   o f  1 . 3  inches .   This  would 
r educe  the  the rma l  moment and s t r e s s e s  t o  n e g l i g i b l e  v a l u e s  b u t  




l a g e  s t r u c t u r e  i n  o r d e r  t o  a.ccommodat'e t h e  t a n k  d e f l e c t i o n .  
Such an allowa.nce might require the use of e i t h e r  s l i g h t l y  
sma . l l e r  t a n k s  or a s l i g h t l y  l a r g e r  f u s e l a g e  t h a n  would  be t h e  
ca.se if the ta .nk were restrained from bending.  
Based on t h e s e  c o n s i d e r a t i o n s  i t  was a p p r o p r i a . t e  t o  
c o n s i d e r  t h r e e  t a n k  and  support   concepts .  For t h e  c o o l e d  a i r -  
frame, a. mu l t ip l e  suppor t  concep t  a.nd  a fou r  po in t  de t e rmina . t e  
support  concept  were compa.red based on t h e  a s s u m p t i o n  t h a t  f o r  
t he  mul t ip l e  suppor t  concep t  t he  t ank  w a l l s '  would  be cooled t o  
-420F by passages  i n  the wa.lls through which hydrogen i s  pumped 
u n t i l  t h e  t a n k  i s  empty. The empty t ank  would then  slowly  hea.t  
up i n  a.n approximately  isotherma.1  manner.  The non-redundant 
suppor t  a.pproa.ch essent ia l ly  e l imina . tes  therma.1  s t ress  problems 
by a.l lowing  the  ta.nk  to  deform. For the   uncooled   a i r fmme  only  
the  non-redunda.nt  support   concept was s tud ied  s ince  the  the rma l  
deforma.tions of' a.n uncooled  a . i r f ra .me are  oppos i te  to  those  of  
t h e   t a n k .   T h i s   s i t u a t i o n  would g rea t ly   i nc rea . se   t he   a . l r ea .dy  
la . rge  thermal  moment on the  ta .nk.  For the   non- i so thermal   t anks  
no weight pena.lty was  in t roduced  to  compensa te  for  the  grea . te r  
c l ea rance  r equ i r emen t .  
F igu re  49 i l l u s t r a , t e s   t he   non- redundan t   t ank  
suppor t   concept .  The t ank  i s  supported a t  f ou r   po in t s   1oca . t ed  
on  two  ma.jor frames.  These  frames  are  1oca.ted  about 25% o f  t h e  
t a n k  l e n g t h  i n  from  each end such tha.t  the begding moment due 
to  the  ove rhang  i s  approximate ly  equal  to  the  bending  moment a . t  
t he   midpo in t   o f   t he   t a .nk   l eng th .   Po in t  A s e r v e s  a s  t h e  a n c h o r  
p o i n t  and r e a c t s  l o a d s  i n  a l l  t h ree  mutua l ly  pe rpend icu la r  
u i r e c t i o n s .  A bol ted  connect ion  between  the  fuselage fra.me a.nd 
the  ta .nk  support  would  be a .n t i c ipa t ed  a t  t h i s  l o c a t i o n .  A t  
p o i n t  B v e r t i c a l  and a x i a l  l o a d s  a r e  r e a . c t e d  w h i l e  a s l i p  f i t  
i s  p r o v i d e d  i n  t h e  l a t e r a l  d i r e c t i o n  so t h a t  cha.nges i n  ta.nk 
diameter  due to  temperature  changes can e-asi ly  be accommodated. 
Linear  b a l l  bear ings might  be d e s i r a b l e  t o  m i n i m i z e  f r i c t i o n a l  
r e s t r a i n t s .  A t  p o i n t  C v e r t i c a l  and l a t e r a l  l o a d s  a r e  r e a c t e d  
wh i l e   ax i a l   mo t ion  i s  u n r e s t r a i n e d .  A t  p o i n t  D o n l y  v e r t i c a l  
l o a d s   a r e   r e a c t e d .  With such a t ank   a r r angemen t   ve r t i ca l  1oa.d- 
i n g s  a r e  r e a c t e d  a t  a l l  f o u r  p o i n t s ,  a x i a l  l o a d s  a r e  r e a c t e d  a t  
the forward fra.me only  a.nd 1atera . l  1oa.ds  a . re  reacted by p o i n t  
A a.nd B. Deta . i l s  of ea.ch at ta .chment   point   a . re  shown schema.tic- 
a l l y  i n  t h e  f i g u r e .  For the   isothermal   tank  which  employs 
m u l t i p l e  s u p p o r t s  t h e  d e t a i l s  a r e  e s s e n t i a l l y  t h e  sa.me wi th  
s i n g l e  s u p p o r t s  of t h e  A and B type  and m u l t i p l e  s u p p o r t s  of 
t h e  C a.nd D type .   Al though  the   s ize  o f  the   f rame a.nd suppor t  
d e t a i l s  w i l l  be s m a l l e r  i n  t h e  c a s e  of t h e  m u l t i p l e  s u p p o r t  
arrangement, i t  i s  expec ted  tha t  the  hea . t  1ea.ka.ge t o  t h e  t a n k  
a.nd the  suppor t  weight  would be s l i g h t l y  l a r g e r  t h a n  would  be 
the  ca .se   for   the  non-redundant   support   a . r rangement .  However, 
i n  t h e  ta.nk weight estimates such differences were not taken 
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Figure 49. Nonisothermal Tank Support System 
B. PASSENGER  COMPARTMENT 
The genera.1 arrangement of the pa.ssenger compart- 
ment i s  shown i n   F i g u r e  50 . Of p a r t i c u 1 a . r   i n t e r e s t  i s  t h e  
c l o s e  p r o x i m i t y  o f  t h e  f l o o r  t o  t h e  h y d r o g e n  t a n k a g e .  The 
d e s i g n  s t u d i e s  o f  t h i s  r e g i o n  w e r e  l i m i t e d  t o  s i z i n g  t h e  f r a m e s  
and f l o o r  s i n c e  t h e  s k i n s  and s t i f f e n e r  s i z e s  would  be d e t e r -  
mined by the  ba.s ic   fusela .ge  1oa.d~.   During  opera. t ion  the  environ-  
ment inside the pa.ssenger  compartment  would  correspond t o  an 
8,000 f t  a l t i t u d e  which e s t a b l i s h e s  a maximum p r e s s u r e  d i f f e r -  
e n t i a l  o f  10.7 , p s i .  The working  pressure  on  which l i m i t  load  
i s  based wa.s ob ta ined  by m u l t i p l y i n g  t h i s  maximum p r e s s u r e  
d i f f e r e n t i a . 1  by 1.33 t o  y i e l d  a. d e s i g n  p r e s s u r e  of 14.2 p s i .  
In  add i t ion ,  t he  pa . s senge r  1oa.d wa.s a.ssumed t o  be uniformly 
d i s t r i b u t e d   o v e r   t h e   f l o o r .   W i t h  a. s i x  a b r e a . s t   s e a t i n g   a r r a n g e -  
ment i n v o l v i n g  30 inches betwee9 each raw, t h e  f l o o r  l o a d  was 
determined a.s 0 . 2 3   p s i .  It wa.s a.ssumed t h a t  a. nominal  compart- 
ment tempemture of  70°F wa,s d e s i r a b l e  a t  a l l  t imes .  
The ana lyses  t rea ted  the  passenger  compar tment  a s  
i f  i t  were removed f rom  the   bas ic   a i r f rame.  As such ,   F igure  50 
i n d i c a t e s  t h e  i d e a l i z a t i o n ,  t h e  p r e s s u r e  l o a d i n g ,  and t h e  
r e su l t an t  bend ing  moments on the  f rames  and f l o o r ,  a s  de t e r - .  
mined by a redundant   f rame  a .nalysis .  The f l o o r  was  assumed t o  
be a 10 inch  deep  sandwich  with 0.032 i n c h  t h i c k  f a c e  s h e e t s  
and t h e  c a b i n  s t r u c t u r e  w a s  assumed t o  be  formed by a Zee 
s t r i n g e r  s t i f f ' e n e d  s k i n  s u p p o r t e d  by hoopwise  frames on 20 i nch  
c e n t e r s .  The frames  were 6 inches  deep w i t h  0.80 i n c h   f l a n g e s .  
For   the  moment d i s t r i b u t i o n  a n a l y s i s ,  t h e  s k i n s ,  s t r i n g e r s ,  a n d  
frames were a l l  assumed t o  be 0.04 i n c h  t h i c k  aluminum a l l o y .  
The r e s u l t a n t  moment d i s t r i b u t i o n  was  then  used  in  conjunct ion  
w i t h  t h e  m e c h a n i c a l  p r o p e r t i e s  of' each  ma te r i a l  of' i n t e r e s t  t o  
de te rmine  f rame s izes .  
I n  o r d e r  t o  maximize the volume a v a i l a b l e  f o r  h y d r o -  
g e n  s t o r a g e  a n d  r e t a i n  c i r c u l a r  t a n k  c r o s s  s e c t i o n s  a t apered  
f l o o r  beam  was u t i l i z e d .  C h a r a c t e r i s t i c s  o f  t h i s  beam were 
tabulated  below.  
Skin 
Loca.tion Depth,  Inch Thickness ,   Inch 
Fuse lage  6.0  0.089 
3011 t o  87' 10.0 0.032 
NOTE: Fa,ce sk in   t h i ckness   va r i e s   1 inea . r ly   f rom  the   fu se l a .ge  
t o  t h e  30" l a t e r a l  s t a . t i o n .  
S t ruc tura .1  examina . t ion  inc luded  checks  of  bo th  the  in te rce l lu la r  
buckl ing   and   fa .ce   shee t   wr inkl ing   des ign   condi t ions .   Three   types  
of honeycomb core  were  examined, a f i b e r  g l a s s  r e i n f o r c e d  p l a s t i c  
core ,  (HRP 3/15-GF14) having  a d e n s i t y  o f  1 2 . l b s / f t 3 ,  a 5056 
aluminum a l lo  co re  ha .v ing  a 3/16 i n c h  c e l l  s i z e  and a d e n s i t y  
of 5.7 lbs/f ts ,  and a t i t an ium core  wi th  a 3/16 i n c h  s q u a r e  c e l l  
I 
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s i z e ,  a 0.0015 i n c h  f o i l  gauge,  and a d e n s i t y  of 4.5 l b s / f t 3 .  
The low compressive a.nd shea r  modu l i  o f  t he  glass c o r e  d i c t a t e d  
t h e  r e l a . t i v e l y  h i g h  d e n s i t y  i n  o r d e r  t o  p r e v e n t  f a . c e  w r i n k l i n g .  
Resul tan t  core .weights  per  inch  of  fuse lage  length  were  8.45 l b s . ,  
4 . 2 1  l b ,  a.nd 3.34 l b .  for t h e  g l a s s ,  a.luminum, a.nd t i t a .n ium cores  
r e s p e c t i v e l y .  The p r i m a r y  i n t e r e s t  i n  t he  g l a s s   c o r e   a r o s e   f r o m  
hea.t  transfer consideration between the pa.ssenger compa.rtment and 
the  hydrogen  tankage. Beca.use of the   p roximi ty  of the  pa.ssenger  
compa.rtment t o  t h e  ta.nkage,  nea.r O°F tempera.tures would be 
expected on t h e  f l o o r  of the passenger  compartment  unless  the 
f l o o r  wa.s heated or excess ive  a.mounts o f  i n s u h t i o n  were u s e d .  
It was expected tha. t  the use of  a, f i b e r  gla.ss core might be of 
subs tan t ia .1   benef i t   in   reducing   hea . t   f low.  However, t h e  i n f e r i o r  
s t ruc tu ra .1  cha . r a . c t e r i s t i c s  o f  such  chore  oversha.dowed the therma.1 
b e n e f i t s  and i t  was concluded t h a . t  m e t a l l i c  c o r e s  would  be 
s u p e r i o r .  Aluminum a l l o y ,   t i t a n i u m   a l l o y ,  and  boron/epoxy 
1a.mina. te  mater ia . ls  were considered for  fa .ce  sheets  of  t h e  sa.nd- 
wich f loor .   While   the  boron/epoxy  construct ion  yielded  lowest  
w e i g h t s ,  l i m i t e d  e x p e r i e n c e  w i t h  s u c h  m a t e r i a l  f o r  u s e  on t h e  
f l o o r  of  the passenger  compartment  lead to  the select ion of 
t i t a n i u m  a l l o y  f o r  t h e  u p p e r  f a c e  and t h e  boron/epoxy laminate 
f o r  the   lower   fa ,ce   o f   the   f loor .  The t i t a n i u m  and boron  /epoxy 
f a c e  s h e e t s  had  we igh t s  pe r  i nch  o f  fuse l age  l eng th  of 1.5 l b  and 
0.62 l b  r z s p e c t i v e l y .  
The d e f l e c t i o n  of  t h e  f . l o o r  a t  t h e  f ' u s e l a , g e  c e n t e r  
l i n e  was calcula . ted a s  4 .4  inches   i n   t he   174   i nch   span .   In  
o r d e r  t o  a v o i d  i n t e r f e r e n c e  wi th  t h e  t a . n k a g e  i n s t a l l a t i o n  t h i s  
de f l ec t ion  shou ld  be b u i l t  i n t o  t h e  f l o o r  p r i o r  t o  p r e s s u r i z a -  
t ion  such  t h a , t  upon p r e s s u r i z a t i o n  t h e  floor would  be e s s e n t i a l l y  
f l a t .  The r e l a t i v e l y   l a r g e   d e f l e c t i o n   i n d i c a t e d t h a t  i t s  p o s s i b l e  
i n f l u e n c e  on the  d i a .me te r  o f  t he  fue l  t anks  m u s t  a l s o  be con- 
s i d e r e d  i n  more r e f i n e d  s t u d i e s  o f  the  passenger  compa.rtment 
s t r u c t u r a l  d e t a i l s .  
A s  a check o f  t h e  assumed  frame s i zes ,  ana . ly ses  
were  conducted  of a.luminum a l l o y ,  t i t a n i u m  a l l o y ,  and Inconel  
718 f rames  subjec ted  to  the  bending  moment d i s t r i b u t i o n  o f  
F igure  50 . For  the  cooled  a i r f ra .me  designs i t  was assumed 
t h a . t  some o f  t h e  s k i n  e f f e c t i v e n e s s  would b e  l o s t  i n  t h e  hoop- 
wise  d i rec t ion  because  o f  c o o l a n t  p a s s a g e  o r i e n t a t i o n  i n  t h e  
f o r e  and a f t  d i r e c t i o n .   T h e r e f o r e   t h e   e f f e c t i v e   s k i n   t h i c k n e s s  
was  assumed t o  be 70% o f   t h e   r e a l   s k i n   t h i c k n e s s .  Frame weights  
ca . lculated for t h e  a.luminum a.nd t i t a n i u m  a . l l o y  s t r u c t u r e s  w e r e  
0.64 l b s  and 0.52 l b s .  p e r   i n c h  of  fu se l age   l eng th ;   S ince   t he  
uncooled  fuse la .ge  s t ruc ture  employs  sk ins  of  a tubu1a.r   construc- 
t i o n  t h e  s k i n s  a r e  i n e f f e c t i v e  i n  a hoopwise  d i rec t ion  except  
f o r  t h e  d o u b l e r  r e i n f o r c e d  a r e a s  a t  t h e  f r a m e  a t t a c h m e n t  p o i n t s .  
I n  s i z i n g  t h e  f r a m e s  for the  uncooled Inconel  718 ca.bin  compart- 
ment t h e  s k i n  was  assumed t o  be i n e f f e c t i v e  b u t  t h e  1 o c a . l  r e i n -  
forc ing  doublers  were  inc luded  in  s iz ing  the  f rames  themselves .  
A tota .1  fra.me weight of 1.43 l b s / i n  of f u s e l a g e  l e n g t h  wa.s d e t e r -  
mined f o r  t h i s  des ign .   S ince   t he   cab in   i n t e r io r   mus t  be main- 
t a ined  a t  a .bou t  7OF, the  t i t an ium and  boron  epoxy f l o o r  c o n f i g u r a -  
t i o n  u s e d  f o r  t h e  c o o l e d  s t r u c t u r e  was assumed t o  be a p p l i c a b l e  
here  a s  w e l l .  
I n s u l a t i o n  r e q u i r e m e n t s  b e t w e e n  t h e  e x t e r n a l  v e h i c l e  
s u r f a c e  a.nd the  in te r ior  passenger  compar tment  were  not  cons id-  
e red  no r  was any a.llowa.nce ma.de f o r  t h e  w e i g h t  o f  t h i s  i n s u l a -  
t i o n .  A s  d i scussed   p rev ious ly ,   t he   p rox imi ty  of' t h e  f l o o r  t o  
the hydrogen ta .nkage would resul t  in  . f l o o r  t e m p e r a t u r e s  q u i t e  
uncomforta.ble t o  t h e  p a s s e n g e r s .  For the  uncooled  design i t  i s  
expec ted  tha t  a.dva.nta.ge  could  be  taken  of t h i s  s i t u a t i o n  by 
pa . s s ing  the  coo l ing  f l u i d  used  f o r  e n v i r o n m e n t a l  c o n t r o l  t h r o u g h  
t h e  f l o o r  t h e r e b y  t a k i n g  a d v a n t a g e  o f  t h e  h y d r o g e n  s i n k  p o t e n t i a l  
w h i l e  m a i n t a i n i n g  t h e  f l o o r  a . t  a .  comfortable   temperature .   Such 
a.n a r rangement  could  provide  cabin  cool ing  for  most  of  the  f3 . igh t  
b u t  wou ld  ha.ve t o  be  supp lemen ted  wi th  a .ux i l i a ry  coo l ing  a s  t he  
fue l  ta .nks  a . re  empt ied .  
The r e s u l t s  o f  a d d i n g  t h e  r u n n i n g  w e i g h t s  o f  t h e  f r a m e s ,  
f a c e  s h e e t s ,  and  honeycomb c o r e  w h i c h  c o n s t i t u t e  t h e  b a s i c  
s t ruc tu re  o f  t he  pa . s senge r  compa,rtment a r e  p r e s e n t e d  i n  F i g u r e  
51.. The ana lyses   were   l imi t ed   t o   t ha . t   po r t ion   o f   t he   fu se l age  
De-cween s t a t i o n s  1200 i n c h e s  a.nd 2500 inches  ( the  reg ion  of  con-  
sta.nt  pa.ssenger  compa.rtment  dimensions).  Forward  and a f t  of' 
t hese  d imens ions  the  fuse l age  has  a sma . l l e r  c ros s - sec t iona l  a r ea  
which  would e f f e c t i v e l y  r e d u c e  t h e  s i z e  o f  t h e  p a s s e n g e r  c o m p a r t -  
ment .   In   these   a . reas ,   the   running   weight  wa,s t aken  a s  propor-  
t i o n a l  t o  t h e  c a b i n  w i d t h  a t  t h e  f l o o r  l e v e l .  This appeared   to  
be r e a l i s t i c  inasmuch a s  t h e  1 a . r g e s t  p o r t i o n  o f  t h e  p a s s e n g e r  
compa,rtment  weight wa.s a t t r i b u t a . b l e  t o  t h e  honeycomb co re  i n  
t h e   f l o o r .  The running weights shown i n   F i g u r e  51 are   cons iderer l  
t o  be  somewhat c o n s e r v a t i v e .  The r e l a t i v e l y  h i g h  core  weight  
sugges t s  t h a t  a l t e r n a . t e  f l o o r  c o n s t r u c t i o n s  s h o u l d  be  examined. 
S ince  t h i s  would  be a r e l a t i v e l y  s m a l l  i n f l u e n c e  on the  ove ra l l .  
f u s e l a g e  s t r u c t u r a l  w e i g h t , s u c h  d e t a i l e d  s t u d i e s  w e r e  n o t  a.ppro- 
p r i a . t e   w i th in   t he   s cope   o f   t he   p re sen t  pr0gra.m.  However,  such 
re f inements  would  be d e s i m b l e  a s  more de t a . i l ed  veh ic l e  des ign  
s t u d i e s  p r o g r e s s .  
C .  COOLED STRUCTUFG 
Weight  es t ima. tes  for  the  fuse lage  she l l  were  de te rmined  
by s i z i n g  t h e  s t i f f e n e d  e x t e r n a l  s k i n s  and r ep resen ta . t i ve  f r ames .  
P r o p o r t i o n s  f o r  t h e  s t i f f e n e d  s k i n s  were e s t a b l i s h e d  u s i n g  a x i a l  
and shea r  l oad ings  de t e rmined  f rom the  s t ruc tu ra l  l oad  enve lopes  
a.nd t h e   d e s i g n   s a . f e t y   f a c t o r s   p r e s e n t e d   i n   S e c t i o n  2 and  from 
m a t e r i a l  p r o p e r t i e s  which  were  degraded f o r  a n t i c i p a t e d  t i m e  a t  
e leva. ted  temperature .  The fuselage  f rames  in   the  tanka.ge  compart-  
ment  a.rea  were  sized on t h e  b a . s i s  o f  a s l i g h t  p o s i t i v e  i n t e r n a l  
p r e s s u r e  d i f f e r e n t i a l  p r o v i d e d  by purge g a s ,  a.nd on t h e  b a s i s  o f  
f u e l   t a n k   s u p p o r t   r e q u i r e m e n t s .   F o r   t h e  a.luminum a l l o y  s t r u c t u r e  
a minimum gauge of 0.040 inch  was used f o r  t h e  c o o l e d  s k i n s .  
The va . r i a t ion  of  c r i t i c a . 1  shea.?? a.nd compress ive  ax ia l  
1oa.dings  a.re shown i n   F i g u r e  52 . The a x i a l   l o a d   i n t e n s i t i e s  
co r re spond  to  the  enve lope  o f  s t ruc tu ra l  l oads  wh ich  ex i s t  on 
t h e  upper   surfa .ce  of t h e   f u s e l a g e .  However, t h e   s t r u c t u r a l   p r o -  
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Figure 52. Ultimate Axial and Shear Load Intensities 
were assumed t o  e x i s t  a r o u n d  the  e n t i r e  f u s e l a . g e  s h e l l  a t  t h e  
p a r t i c u l a r  s t a . t i o n  o f  i n t e r e s t .  The e s s e n t i a l l y  s o l i d  l i n e s  a r e  
d i r e c t l y  r e l a . t e d  t o  t h e  s t r u c t u r a l  l o a d s  p r e s e n t e d  i n  S e c t i o n  2 .  
However, t he  peak ing  o f  t h e  l o a d s  i n  the  v i c i n i t y  o f  f u s e l a . g e  
s t a t i o n  2000 t o  2300 inches depends upon t h e  s p e c i f i c  method of 
wing,  engine a.nd landing  gea.r   a t tachment .   Hence,   for   prel imina.ry 
des ign   purposes   the   dashed   l ines   in   these   reg ions   were   used .   In  
conve r t ing  t h e  s t r u q t u r a l  l o a d s  t o  a x i a . 1  and  shea.r 1oa.d i n t e n s i -  
t i e s  i t  wa.s assumed t h a t  t h e  e f f e c t i v e n e s s  o f  t h e  s t i f f e n e d  s k i n  
was uni form around the  per iphery  of  the  she l l  in  a .11  sec t ions  
except  those  where  the  wing  s t ruc ture  car r ies  th rough the  f u s e -  
la.ge. I n  t h i s   s e c t i o n ,   l o n g e r o n s   w e r e  assumed a t  t h e  f u s e l a g e  
s ides  such tha. t  they fol lowed the upper  and lower wing surfaces  
wi th  su f f i c i en t  a . r ea .  t o  ba l ance  the  c ros s  sec t ion  such  t h a . t  t h e  
n e u t r a l  a . x i s  wa.s 1oca. ted a . t  the  midpoint  of  the fusela .ge cross  
s e c t i o n .  The load  ca . r rying  ca .pa.bi l i ty  of '  t he   pas senge r  compa.rt- 
ment f l o o r  wa.s conserva . t ive ly  neglec ted .  
H a t  s e c t i o n  and i n v e r t e d  h a t  s e c t i o n  s t i f f e n e r s  w e r e  com- 
p a r e d  f o r  t h e  s k i n  w h i l e  Zee sec t ion  r ing  f rames  were  a.ssumed 
w i t h  spacing  va.r ia t ions  between 20 and 40 inches .   F igures  53 
and 54 p r e s e n t  u n i t  w e i g h t s  for t h e s e  two types  of c o n s t r u c t i o n  
assuming  7075-T6  aluminum a l l o y  o p e r a t i n g  a t  200F. The i n f l u e n c e  
o f  t he  minimum gauge  requirement,  0.040 inch ,  i s  a l s o  shown. 
Comparison of t h e  two s t i f f e n i n g  c o n c e p t s  shows t h a t  t h e  h a t  
s e c t i o n  i s  about 25% more e f f i c i e n t  t h a . n  t h e  i n v e r t e d  h a t  s e c t i o n  
c o n f i g u r a t i o n .   I n   s p i t e  of i t s  lower '   weight   e f f ic iency ,   the  
i n v e r t e d  h a t  s e c t i o n  was  chosen  for  weight  es t imat ion  purposes  
s i n c e  t h i s  armngement  i s  used  ex tens ive ly  for  la rge  commerc ia l  
t r a m s p o r t   a i r c r a f t .  A s ign i f ica .n t   fabr ica t ion   a .dvanta .ge  of' t h e  
i n v e r t e d  h a t  i s  t h a t  t he  s t r inge r  t o  f r ame  a t t achmen t  does  no t  
r e q u i r e  b l i n d  r i v e t i n g t h u s  t h e  r i v e t s  a r e  r e a d i l y  i n s p e c t a b l e .  
The running weight  of t h e  s t i f f e n e d  s k i n  i s  presented  i n  F igure  
5 5 .  The d a s h e d   l i n e s   i n d i c a t e   r e g i o n s   o f   e x t r a p o l a t i o n .  
I n  t h e  p r a c t i c a l  c a s e  t h e  f u s e l a g e  s t r i n g e r  s p a c i n g  w i l l  
be e f f e c t e d  by t h e  p e r i p h e r a l  l e n g t h  a t  each   s ta t ion ;   consequent ly ,  
mj-nimum w e i g h t  p r o p o r t i o n s  f o r  t h e  l o a d i n g  a t  v a r i o u s  s t a t i o n s  w i l l  
be compromised t o  some e x t e n t .   S t r i n g e r   t h i c k n e s s  and  pro- 
port iL, ls  m u s t  a l s o  be changed t o  meet  the  loading  requi rements  
a t  a. g i v e n   s t a t i o n .  T h i s  va r i a . t i on  ha,s been  conservat ively 
neglected, ,  t h a . t  i s ,  o n l y  a x i a . 1  v a r i a . t i o n s  i n  c o n s t r u c t i o n  d e t a i l s  
have  been  considered a.nd in  such  a. wa.y a s  t o  p r o v i d e  optimum 
p r o p o r t i o n s  f o r  maximum load ings  a t  e ach   ax ia l   s t a . t bon .  The 
optimism i n  assuming a. c o n t i n u i n g  a x i a l  v a , r i a , t i o n  o f  t h e  s t r u c t u r a l  
armngement w i l l  proba.bly be ca.nceled by the conserva. t ism with 
r e s p e c t  t o  p e r i p h e r a l  v a . r i a t i o n  o f  s t r u c t u r a . 1  d e t a . i l s .  
I 
91 
Hat Stiffened Skin Wide Columns 
7075-T6 Aluminum Alloy, 200 F 
Unit Weight, 
lb/ft2 
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 
(Ultimate ), lb/in. 
in. 
Figure 53. Unit Weight Variation versus Axial Loading 








Inverted Hat Stiffened  Skin 
Wide  Columns 7075 T6 
Aluminum Alloy, 200’ F 
I 1 
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 
N (Ultimate), lb/in. 
X 
Figure 54. Unit Weight Variation versus Axial Loading 

Represen ta . t i ve  de t a . i l s  o f  t he  coo led  fuse l age  s t ruc tu re  
a.re shown i n  F i g u r e  56 . T h i s  i l l u s t r a t i o n  i s  t y p i c a l  o f  t h e  
s t r u c t u r e  be tween fuse la .ge  s ta t ions  1300 and 2500 i nches  a.nd 
a l t h o u g h  h a t  s e c t i o n  s t i f f n e r s  a r e  shown, inve r t ed  ha t s  were  
used f o r  w e i g h t  e s t i m a t i o n .  A t  t h e  p o i n t  of ma.ximum axia .1  load-  
i n g  t h e  aluminum a l l o y  s h e e t  i s  0.050 i n c h  t h i c k .  The fra.me 
s i z e s  w e r e  s i z e d  t o  p r o v i d e  s t r e n g t h  d u e  t o  ta.nka.ge  compa.rtment 
p r e s s u r i z a t i o n   l o a d s .  Norma.lly, t h e  fra.me s t r e n g t h  a.nd s t i f f -  
ness r e q u i r e d  t o  s t a b i l i z e  t h e  s t r i n g e r s  s u c h  t h a . t  t h e y  a c t  a.s 
short  columns i s  r e l a . t i v e l y  low so tha t  t h e  s i z e s  shown a r e  
more tha.n adequa.te t o  p r e v e n t  t h i s  p o t e n t i a . 1  f a . i l u r e  mode a s  
w e l l  a s  g e n e r a . 1  i n s t a . b i l i t y .  
Frames i n  t h e  l o w e r  p o r t i o n  of t h e  f u s e h g e ,  below t h e  
pa.ssenger compa.rtment f l o o r ,  were s i z e d  t o  s u p p o r t  i n t e r n a l  
p r e s s u r e  of the purge ga,s which i s  r e q u i r e d  t o  a.void  a.ccumula.- 
t i on  o f  hydrogen  in  the  ta.nka.ge  compartments, a.nd f o r  t h e  r e a c -  
t ions  of  the  hydrogen  tank  load  assuming a mu l t ip l e  suppor t  con-  
c e p t .  A frame  spacing  of 20 i n c h e s  was a.ssumed such   t ha t   eve ry  
o t h e r  fra.me wa,s loaded with a f u e l  t a . n k  s u p p o r t  r e a c t i o n .  Frame 
weights  were  computed a t  5 a x i a l  l o c a t i o n s  between s t a t i o n s  940 
and 3300 where t h e  f u s e l a g e  c r o s s  s e c t i o n  i s  approximately f1a. t  
a l o n g   t h e   s i d e s  and  bot tom.  Because  of   the  re la t ively s t i f f  
passenger  compartment  f loor  the frame was  assumed t o  be b u i l t  
i n  a t  t h i s  l o c a t i o n .  No c o n s i d e r a t i o n  was  g iven   t o   t he   p roba .b l e  
b u i l t  i n  e f f e c t  a t  t he  wing  to  fuse l a .ge  junc t ion  a s  a. means of 
reducing  maximum frame  bending moments i n  t h i s  r e g i o n .  Running 
w e i g h t s  o f  t h e  f u s e h g e  f r a . m e s  a r e  shown i n  F igu re  57 a s  a 
f u n c t i o n   o f   p r e s s u r e   d i f f e r e n t i a l .   I n   e s t a b l i s h i n g   t h e   f r a m e  
w e i g h t s  t h e  e f f e c t i v e n e s s  o f  t h e  s k i n  i n  r e s i s t i n g  i n t e r n a l  
p re s su r i za . t i on   l oads  wa,s n e g l e c t e d .  It i s  apparent   f rom  Figure 
57 t h a t  frame  weight i s  s t rong ly  in f luenced  by p r e s s u r e  d i f f e r -  
en t i a l .   Fo r   p re l imina ry   des ign   pu rposes  a p r e s s u r e   d i f f e r e n t i a l  
of' 0 . 2  p s i  was a-sumed. A s  w i l l  be s e e n  l a t e r  t h e  w e i g h t  of  t h e  
l o w e r  f u s e l a g e  f r a m e s  c o n s t i t u t e s  l e s s  t h a n  10% o f  t h e  f u s e l a g e  
weight .  A s  s u c h ,   e v e n   r e l a t i v e l y   l a r g e   e r r o r s   i n  assumed p r e s s u r e  
d i f f e r e n t i a . 1  r e s u l t  i n  o n l y  m i n o r  i n f l u e n c e s  on o v e r a l l  s t r u c t u r a l  
weight .  The use  of  6A1-4V t i t an ium  a . l l oy   f r ames   r a the r   t han  
7075-T6 aluminum a l l o y  would reduce f ra.me weight by about  35%, 
would reduce  f rame def lec t ions  by about  l5%, a,nd would reduce 
hea t   1ea .kage   th rough  the   t a .nk   suppor ts .   S ince   the   in te rna l  
p r e s s u r i m t i o n  g e n e r a . t e s  maximum frame bending moments n e a r  t h e  
co rne r s  wh i l e  t he  t ank  suppor t  l oa .ds  gene ra t e  maximum bending 
moments near  the  suppor t ,  the  weight  of  the  ta .nk  suppor t  f ra ,mes  
i s  o n l y  s l i g h t l y  more than  the  o ther  f ra .mes  when t h e  m u l t i p l e  
suppor t   concept  i s  used .   Therefore ,  i t  wa.s assumed t h a t   t h e  
1500 l b .  weight  a1lowa.nce f o r  the  suppor t s  t hemse lves  would  a.de- 
qua te ly  cove r  bo th  the  ac tua .1  suppor t s  a.nd t h e  r e q u i r e d  r e i n -  
forcement  of  the  f rames .  For t h e  f o u r  p o i n t .  s u p p o r t  d e s i g n s  a, 
1500 l b .  weight  a.llowa.nce wa.s also provided f o r  suppor t s  a.nd  wa.s 
a.ssumed t o  be  a.dequate fo r  r e in fo rc ing  the  1oca . l  f r ames  where  





The. running weight  of t h e  f u s e l a g e  i s  summarized i n  F i g u r e  
All major weight items are  inc luded  such  a.s t he  cove r s ,  
lower frames, passenger compartment floor a.nd f rames ,  and  fue l  
ta .nks  with  supports .  The weight shown f o r  t h e  tanks assumes  the 
use of' a.luminum a l l o y .  I n  as  much.as   the  weight   difference  between 
t h e  i s o t h e r m a l  and noniso thermal  tank  des igns  i s  only about  100 
pounds  no  attempt was made  t o  show both  ta.nk  concepts.  The da.shed 
l i n e s  forwa.rd of s,ta.tion 540 i n c h e s  a.nd a f t  o f  s t a t i o n  3100 i n c h e s  
i n d i c a t e  t h a t  w e i g h t s  were estimated as  f a i r i n g s  of' ca.lculated data. .  
The to t a l  we igh t s  o f  va r ious  coo led  a . i r f r ame  concep t s  a re  p re sen ted  
i n   T a b l e  XV. The t a n k   i n s u h t i o n   s t u d i e s ,   S e c t i o n  6, indica. ted 
t h a t  o n l y  a b o u t  two i n c h e s  o f  i n s u l a t i o n  would  be r e q u i r e d  f o r  t h e  
cooled  airframe,  hence,  noniaotherma.1  Inconel 718 ta.nks  could  be 
used wlthout compromising the a.va.i la.ble fuel volume beca.use of 
t a n k  d e f l e c t i o n .  
D. UNCOOLED STRUCTURE 
Figur? 59 shows r e p r e s e n t a t i v e  d e t a . i l s  of the  uncooled  fuse-  
l a g e  s t r u c t u r e .  The c o n s t r u c t i o n   m a t e r i a l   f o r   t h e   u n c o o l e d   s t r u c -  
t u r e  wa.s assumed t o  b e  Inconel  718 so lu t ion  t r ea . t ed ,  co ld  work,  and 
aged. The approach   t o   e s t ab l i sh ing   we igh t   e s t ima , t e s  was  i d e n t i c a l  
to t h a t   u s e d   f o r   t h e   c o o l e d   s t r u c t u r e .   U s i n g   t h e   a . x i a 1  and s h e a r  
l o a d i n g  i n t e n s i t i e s  o f  F i g u r e  52 i n  c o n j u n c t i o n  w i t h  t h e  s t r u c t u r a l  
e f f i c i ency  cu rve  o f  F igu re  60 which i s  ba.sed  on  beaded t u b u l a r  s k i n  
pane ls  and a.n operat ing temperature  of  1000F,  uni t  weights  were 
determined a t  v a . r i o u s  a x i a l  s t a t i o n s  a.nd conver ted  in to  running  
weight   per   inch   of   fuse lage   l ength .  The assumption of  a c o n s t a n t  
fu se l a .ge  s t ruc tu ra l  t empera tu re  o f  1000°F may be s l i g h t l y  c o n s e r v a -  
t l v e  since the temperature range from a.bout 1200F a,long the lower 
s u r f a . c e  t o  a b o u t  6 0 0 ~  on the  uppe r  su r face  where  compression  load- 
ings   a . r e   mos t   c r i t i ca l .  However, i n   t h e   a n a l y s e s ,   n o   c o n s i d e r a t i o n  
was g iven  to  therma.1  s t resses  or t o  t h e  w e i g h t  o f  s t r u c t u r a l  d e t a i l s  
r equ i r ed   fo r   t he i r   min imiza . t i on .  It i s  exp'cted t h a t  t h i s  s i m p l i f i -  
c a t i o n  w i l l  t end  to  nega te  the  conserva t i sm of  assuming the  lOOOF 
s t ruc tura .1   t empera ture .  The s t ruc tu ra .1   e f f i c i ency   p lo t   f rom  wh ich  
unit  weights were determined w a s  based on t h e  methods  of  Reference 
18 a s  d e s c r i b e d  i n  t h e  Ta,sk I r e p o r t  on  wing s t u d i e s ,  R e f e r e n c e 1 2 .  
This s t r u c t u r a l  e f f i c i e n c y  p l o t  I s  no t  cons t r a ined  by minimLn ga.uge 
requirements b u t  does include the weight o f l o c a . 1  r e i n f o r c i n g  d o u b l e r s  
required where the beads fade out a t  fra.me  attachments a.nd t h e  e f f e c t  
of 0.38 i n c h  f 1 a . t  area,s between bea.ds which a.re required for join- 
i n g  o f  t h e  two beaded s h e e t s  t o  f o r m  t h e  t u b u l a r  s t i f f e n e d  s k i n .  
I n  comput ing  the  running  weight  of  the  uncooled  s t ruc tura l  
s k i n ,  a.s shown i n  F i g u r e  61, uni t   weights   based on t h e  s t r u c t u r a l  
e f f i c i e n c y  c h a r t  were  used a.nd a minimum gage constra . int  of  0.010 
i n c h  was  i n t r o d u c e d .   T h i s   l a . t t e r   e s t r i c t i o n   i n c r e a s e d   s t r u c t u r a l  
weights forward of  f u s e l a g e  s t a . t i o n  1300 and a f t  of s t a t i o n  2500. 
Fra.me weights  were  computed f o r  a r a .nge  o f  p re s su re  d i f f e ren t i a . l s  
a.s shown in   F igure   62 .  For weight   es t ima. t ion  purposes   the 0 .2  p s i  
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Figure 61. Skin and Stringer Running Weight Variation with Axial Location 
an Uncooled Fuselage of Inconel 718, 1000 O F  
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coo led   fu se l age  i s  presented  i n  F igu re  63. Running  weights  are 
shown f o r  t h e  m a j o r  e l e m e n t s  of t he  s t ruc tu re ,  name ly ,  t he  cove r s ,  
lower frames, passenger compartment consisting of frames and f l o o r ,  
and t ankage .   In t eg ra t ion  of the   running   weight   curves   y ie lded   the  
fo l lowing  we igh t s :  
Covers 36,850 
Lower  Frames 53 550 
Passenger  Compartment  18,160 
Tanks ( Incone l  718) 17,600 
These weights do n o t  i n c l u d e  i n s u l a t i o n  for t h e  t a n k s  o r  f o r  t h e  
passenger compartment. 
E. COMPARISON OF COOLED AND UNCOOLED CONCEPTS 
The r e s u l t s  o f  t h e  a n a l y s e s  d e s c r i b e d  i n  t h e  p r e c e d i n g  
s u b s e c t i o n s   a r e  summarized h e r e   i n   F i g u r e  64 and  Ta.ble XVI .  The 
running  weights  presented  in  F igure  64 sugges t  t ha t  t he  coo led  
s t r u c t u r e  i s  s i g n i f i c a n t l y  l i g h t e r  t h a n  t h e  u n c o o l e d  s t r u c t u r e  i n  
t h e  forwsrd p o r t i o n  of t he  fuse l a ,ge  due  to  t h e  i n f l u e n c e  of t h e  
minimum gauge  requirement on the  uncoo led  s t ruc tu re ,  a.nd over  the  
wing   where   the   loading   in tens i t ies   a . re  tQe h i g h e s t .   I n t e g r a t i o n  
of these  da . ta  a re  provided  in  Table  X V I  and i n d i c a t e  t h a t  t h e  un- 
cooled  Inconel  718 s t r u c t u r e  i s  approximately 15% hea.vier t h a n  t h e  
cooled a.luminum a l l o y  s t r u c t u r e .  The use  of t h e  I n c o n e l  718 non- 
isotherma.1 ta .nks within the aluminum a . l l o y  s t r u c t u r e  o f f e r s  t h e  
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HYDROGEN TANKAGE INSULATION 
A .  THERMAL DESIGN  CO SIDERATIONS 
The primary goa.ls of an optiniiza.t ion for a l iquid hydrogen 
t ank  in su la t ion  sys t em a re  min imiza t ion  o f  t he  sum o f  f u e l  b o i l -  
o f f  and i n s u l a t i o n  w e i g h t s  f o r  t h e  d e s i r e d  m i s s i o n ,  p r e v e n t i o n  of 
1 i q u i f i c a . t i o n  of' sur rounding  gas  on the  tank  sur fkce  (c ryopumping) ,  
a.nd prevent ion  of   moisture   condensa. t ion o r  f r e e z i n g .  If t h e  i n s u -  
la t ion  sys tem a .ppl ica . t ion  i s  i n  a hyperson . ic  c ru ise  vehic le  w i t h  
a.n u n c o o l e d  s t r u c t u r e  t h e  i n s u l a t i o n  s y s t e m  m u s t  a i d  i n  c o n t r o l l i n g  
the   t empera ture   o f   the   t ank  wa.11. Depending  upon t h e  l i f e  of t h e  
in su la t ion  sys t em,  i t s  a . b i l i t y  t o  w i t h s t a n d  v e h i c l e  v i b r a t i o n  a.nd 
repeated thermal  cycles  can pose major  design problems which were 
not   cons idered   dur ing  these s t u d i e s .  When cons ide r ing   t he   i n su -  
la . ted ta .nkage system for  a h y p e r s o n i c  t m n s p o r t  a s  a whole, i t  i s  
d e s i r a . b l e  t o  p u r g e  t h a t  p o r t i o n  o f  t h e  a i r f r a m e  which c o n t a i n s  
the   t ankage .   Purg ing  w i l l  prevent   the  accumulat ion o f  hydrogen 
which may l eak  th rough  the  t ank  w a l l s  o r  sys t em l ines  a n d  conden- 
s a t i o n  o f  a i r  and moisture which might otherwise come i n  c o n t a c t  
wi th  the  c ryogenic  tank .  
The problems of  insu la t ing  c ryogenic  tanks  ha.ve been 
s tudied  by  many i n v e s t i g a . t o r s .  A l a r g e  number  of i n s u l a t i o n  
ma . t e r i a l s   and   sys t ems   a r e   po ten t i a l ly   a .va i l ab le   fo r   u se .   Se l ec -  
t i o n  o f  a cand ida te  in su la t ion  sys t em for t h i s  program required 
t h a t  s u f f i c i e n t  d a t a  be ava . i l ab le  to  pe rmi t  an  ana lys i s  o f  per-  
forma.nce  throughout  he  range of' condi t ions  encountered.   Choice 
of i n s u h t i o n  s y s t e m s  was ba,sed on References 19, 20 a n d  21.  
These  re ferences  were  rev iewed to  ident i fy  typ ica l  sys tems based  
on a v a i l a b l e   c o n c e p t s .  The th ree   sys t ems   s e l ec t ed   fo r   s tudy  
included a f i b r o u s  i n s u l a t i o n  b l a n k e t  i n  a helium  environment, a 
sea. led foam insulat ion system in a nitrogen environment,  and a 
carbon d ioxide  f ros t  sys tem.  
While a l a r g e  number o f  f ib rous  in su la t ion  ma , t e r i a l s  a . r e  
ava,i la.ble,  no attempt was made t o  s e l e c t  t h e  s p e c i f i c  combina.- 
t i on  o f  f ib rous  ma te r i a . l s  wh ich  would y i e l d  t r u l y  minimum weight.  
Rather  a t y p i c a l  q u a . r t z  f i b e r  ma.t ma.teria1,  Microquartz w i t h  a. 
dens i ty   o f  3 l b / f t 3 ,  wa.s s e l e c t e d .   T h i s   f i b r o u s   m a t e r i a . 1  was 
enclosed between two l a y e r s  o f  q u a r t z  c l o t h  and s t i t c h e d  w i t h  
q u a r t z  t h r e a d  t o  r e s u l t  i n  a f i n a l  d e n s i t y  o f  4.5 l b / f t 3 .  The 
r e s u l t i n g  b l a n k e t  wa.s assumed t o  be  bonded t o  t h e  t a n k  wa.11. 
Helium wa.s in t roduced  in to  the  space  be tween the  vehic le  s t ruc-  
t u r e  and the  i n s u l a t i o n  t o  p r e v e n t  cryopumping  and i c e  accumula- 
t i o n .  This system i s  d i s c u s s e d  i n  d e t a . i l  i n  R e f e r e n c e 1 9  a.nd i s  
the  one  used in  Refe rence  1. It i s  expec ted  tha t  more d e t a i l e d  
ana . ly t i ca .1  inves t iga t ions  cou ld  y i e ld  somewhat l i g h t e r  i n s u l a t i o n  
weights  f'or t h i s   b a s i c   c o n c e p t .  However, such   de t a i l ed   ana ly t i ca .1  
s t u d i e s  were  beyond the   scope   of  t h i s  program. The ana . ly t ica .1  
r e s u l t s  shown l a t e r  f o r  t h e  assumed  system a r e  c o n s i d e r e d  t o  be 
r e p r e s e n t a t i v e  a.nd s l i g h t l y  c o n s e r v a t i v e .  
pane l s  hav ing  a d e n s i t y  of 2 l b / f t 3  were a.sswned t o  be hermetic-  
a l l y  s e a l e d  w i t h i n  a c o v e r i n g  o f  m u l t i p l e  t h i n  films of a.luminized 
p l a s t i c  and t o  be  bonded t o  t h e  t a n k  wa.11 i n  o r d e r  t o  p r e v e n t  c r y o -  
pumping. The p r i n c i p a l  means o f  h o l d i n g  t h e  i n s u l a t i o n  t o  t h e  t a n k  
was  a.ssumed t o  be a. p r e s t r e s s e d  c o n s t r i c t i v e  wrap  o f  f ibe rg la s  
roving .  The ni t rogen  purge  which i s  e x t e r n a l  t o  t h e  s e a l e d  foam 
i n s u l a t i o n  wa,s no t  used  to  prevent  c ryopumping  but  mere ly  to  reduce  
hydrogen   leakage   hazards .   Because   o f   the   t empemture   l imi ta t ions  
imposed by t h e  e x t e r n a l  p l a s t i c  f i l m  s e a l  t h i s  in su la t ion  sys t em 
i s  o n l y  a p p l i c a b l e  f o r  cooled   fuse lage   concepts .   Reference  20 
d e s c r i b e s   t h e   b a s i c   s y s t e m   i n  d e t a i l .  Although  numerous o t h e r  
i n v e s t i g a t o r s .  h a v e  a l s o  s t u d i e d  t h i s  concep t  bo th  a .na ly t i ca l ly  
a n d  e x p e r i m e n t a l l y  t h e  p r a c t i c a l i t y  o f  t h e  c o n c e p t  f o r  r e p e a t e d  
longt ime  use i s  n o t   f i r m l y   e s t a , b l i s h e d .  However, t h e  low d e n s i t y  
and  low the rma l  conduc t iv i ty  o f  t he  in su la t ion  ma te r i a l  coup led  
w i t h  t h e  r e l a t i v e  s i m p l i c i t y  o f  t h e  c o n c e p t  s u g g e s t  a h igh  degree  
o f  po ten t i a .1  use fu lness ,  wh ich  i f  borne out  by a n a . l y t i c a 1  c a l c u l a -  
t ions  might  warra .n t  more i n t e n s i v e  e x p e r i m e n t a l  e v a l u a t i o n s .  
For the  sea. led foam insu la . t 'on  sys tem polyure thane  f0a.m 
The carbon d ioxide  f ros t  . sys tem cons is ted  of  a 4.5 l b / f t 3  
f i b r o u s  i n s u l a . t i o n  b l a n k e t  i n t o  t h e  i n n e r  t h i c k n e s s  o f  w h i c h  c a r b o n  
d i o x i d e  f r o s t  i s  c ryodepos i t ed  du r ing  g round  ho ld  p r io r  t o  each  
f l i g h t .   I n i t i a l l y   t h e   f r o s t  i s  a l lowed  to   subl ime a.nd ou tgas  
d u r i n g  f l i g h t  a s  a r e s u l t  o f  r e d u c e d  p r e s s u r e  w i t h  i n c r e a s e d  alti- 
tude  and  then a s  a r e su l t   o f   ae rodynamic   hea t   i npu t .  Th i s  s u b l i -  
mat ion provides  a. continuous supply of  purge ga.s  which f lows  out -  
w a r d  t h r o u g h  t h e  i n s u l a t i o n  and p reven t s  i n f low of a . i r  or mois tu re .  
A d e t a i l e d  d e s c r i p t i o n  of  t h e  c a r b o n  d i o x i d e  f r o s t  s y s t e m  i s  g i v e n  
i n  References 2 1  and 22.  
With  respect   to   the  iner t   gas   purging,   the   gap  between  the 
o u t e r  v e h i c l e  s t r u c t u r e  and the  tank  forms a n a t u r a l  v e s s e l  f o r  
i n t r o d u c t i o n  o f  t h e  p u r g e  g a s  t o  r e d u c e  t h e  h a z a r d s  due t o  p o t e n t i a l  
hydrogen  l eakage  f rom the  t ank  o r  p rope l l an t  l i nes ,  and t o  p r e v e n t  
mois ture   condensa t ion   or  a i r  l i q u i f i c a t i o n .  When permeable   insu la-  
t i o n  i s  used  the  ine r t  pu rge  g a s  must be helium since i t  i s  t he  only  
gas  which  does  not  condense a t  l iquid  hydrogen  temperatures .  The 
ma.in d isadvantages  of  us ing  he l ium are  i t s  high therma.1 conduct ivi ty  
and the   l imi t ed   supp ly .  For sea l ed   i n su la t ion   sys t ems   n i t rogen  i s  
t he  p re fe r r ed  pu rge  gas  because  o f  i t s  lower therma.1 conduct ivi ty  
a n d   r e a d y   a v a i l a b i l i t y .   L i q u i f i c a t i o n   o f   t h e   n i t r o g e n  g a s  must  be 
prevented by des ign ing  a sealed system so t h a t  t he  t empera tu re  o f  
a l l  surf,aces i n   c o n t a c t  w i t h  t he   n i t rogen   a r e   above  160~. The 
quant i ty  of  purge  gas  requi red  for use  wi th  the  f ib rous  and  sea l ed  
foam s y s t e m  c a n  be es t imated  by s e l e c t i n g  t h e  r e p l a c e m e n t  r a t e  f o r  
the   ga , ses   be tween  the   a i r f rame  s t ruc ture  and the   t a .nks .  The  volume 
contained between the inside of' t h e  a i r f r a m e  and t h e  o u t s i d e  o f  t h e  
t anks  i s  about  1000 c u b i c   f e e t .   S a f e t y   c o n s i d e r a . t i o n s  may d i c t a t e  
complete  replacement  every 30 seconds or 2 t imes   per   minute .  A 
110 
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r e l a . t i v e l y  l o w  g a s  f l o w  r a t e  of 2000 cfm would be  r e q u i r e d .  The 
weight of gas  ca.n be determined by c o n v e r t i n g  t h e  volume flow r a t e  
t o  a. mass  f low ra te  while t a k i n g  i n t o  a c c o u n t  t h e  low .ambient 
pressure  which  ' ex is t s  dur ing  most  of miss ion  du ra t ion .  A sma l l  
p r e s s u r e  d i f f e r e n t i a . 1 ,  0 . 2  p s i ,  was assumed  between the  purged 
compa.rtment a.nd ambient.  
On t h i s  ba.sis a.pproximately 725 pounds of hel ium or  3090 
pounds of n i t r o g e n  would  be required.   Stora .ge of t h i s  q u a . n t i t y  of 
l i qu id  he l ium or l i q u i d  n i t r o g e n  would r e q u i r e  t a n k s  h a v i n g  volunzes 
of 79 a.nd 61 cub ic  f ee t  r e spec t ive ly .  Us ing  we igh t  f ac to r s  of 0.25 
pounds of tankage per pound of helium and 0.045 pounds p e r  pound of  
ni t rogen,  ta .nk weights of 180 a.nd 140 pounds  respec t ive ly  would  be 
r equ i r ed .  If i t  i s  f u r t h e r  a.ssumed t h a t   t h e   w e i g h t  of the   sys tem 
for d i s t r i b u t i n g  the  purge gas  i s  approximate ly  equal  to  the  weight  
of t he  t ank ,  t hen  the  we igh t s  for helium and n i t rogen  purge  ga.s 
sys tems  a re  log5 pounds  and 3372 pounds  respect ively.   This   amounts  
t o  0.093 l b / f t  a.nd 0.287 l b / f t  of' tank a.rea . 
The a.mount of  purge gas  required i s  a l so  dependent  upon t h e  
degree of  seal ing which can be a.chieved i n  t h e  a , i r f r a m e  s t r u c t u r e .  
Leakage r a t e s  for r ep resen ta . t i ve  types  of cons t ruc t ion  a . r e  no t  
r ead i ly   a .va i l ab le .   The re fo re ,   e s t ima , t e s  ma,de of' purge   ga , s   requi re -  
ments   are   only  approxima. te .  However, when comparing  cooled  and 
uncoo led  s t ruc tu ra l  concep t s  a h igher  degree  o f  s ea l ing  cou ld  be 
a t t a i n e d  with t h e  f 'ormer s ince the lower temperatures  would permit  
t h e  use   o f  a wide v a r i e t y  of s e a h n t s .  B e c a u s e  o f  t h e  i n - f l i g h t  
subl imat ion  of the  c r y o d e p o s i t e d  f r o s t  i t  i s  n o t  n e c e s s a r y  t o  
i n c o r p o r a t e  a sepa . ra . te  purge  gas  sys tem in  an  a i rc raf t  which  uses  
the  ca rbon  d iox ide  f ros t  sys t em.  
B. INSULATION  SYSTEM  ANALYSES 
In  r ev iewing  the  fue l  f l owra te  schedu le  i t  appea red  tha t  
the  forward  ta.nk  would  pose t h e  most  ser ious design problem, s ince 
i t  i s  the l a . s t   t o  be emptied.   Figure 41 d e p i c t s  t h i s  t a n k  w i t h  
the   - i n su la . t i on  shown schemat i ca l ly .  The t a n k  ha.s a. capa.ci ty   of  
7886 cu. f t . ,  a mean d iameter  of 1 5 . 2  f e e t  and a l ength  of  62 .2  
f e e t .  An i n i t i a l  t a n k  p r e s s u r i z a . t i o n  l e v e l  of' 17 p s i a  wa.s a.ssumed 
a long  w i t h  a vent  pressure  of  25 psia.  s o  tha.t an 8 p s i  p r e s s u r e  
increa.se  ca.n occur before hydrogen ga.s i s  vented from the tank.  
I n  a d d i t i o n ,  t h e  f u e l  t a n k s  w e r e  assumed t o  be self p r e s s u r i z i n g ,  
tha. t  i s ,  hydrogen  gas wa.s r e q u i r  d t o  r e p l a c e  t h e  f u e l  f l o w  t o  t h e  
engines .   Therefore ,   170 BTU/ft  E of hea t   had ' t o   be   abso rbed   be fo re  
any  hydrogen  gas was vented .   Other   assumpt ions   for   the   he l ium 
p u r g e d  f i b r o u s  i n s u l a t i o n  a.nd the  sea l ed  foam  systems  included; 1) 
1 inea . r  va . r i a t ion  of' i n s u l a t i o n  t h i c k n e s s  a.round the ta.nk from a 
.maximum t h i c k n e s s  a t  t h e  b o t t o m  t o  a minimum a . t  t h e  t o p ,  2 )  h e a . t  
t m n s f e r  t a k e s  p l a c e  o n l y  t h r o u g h  t h e  s u r f a c e  of t h e  ta .nk  i n  con- 
t a c t  w i t h  l iquid hydrogen,  3 )  the  top  qua . r t e r  of t h e  t a n k  i s  
exposed t o  t h e  passenger compartment f l o o r  which i s  a t  7OF. These 
l a . s t  t h ree  a s sumpt ions  were  no t  i nco rpora t ed  in ' t he  a .na lys i s  of 
the carbon dioxide frost '  system because the method of  Reference 2 1  
was based on a c o n s t a n t  i n s u l a t i o n  t h i c k n e s s ,  X h e a t  t r a n s f e r  o v e r  
t h e  e n t i r e  t a n k  area, and a c o n s t a n t  e x t e r n a l  airframe tempera ture .  
A s  a r e s u l t ,  t he  weight  estimates f o r  t h e  c a r b o n  d i o x i d e  f r o s t  sys-  
tem a r e  c o n s e r v a t i v e .  For t h i s  t a n k  l i q u i d  i s  not  withdrawn  during 
t h e  f i rs t  5100 s e c o n d s   o f   t h e   f l i g h t .   T h e r e f o r e ,   h e a t   t r a n s f e r   t a k e s  
p l a . ce  fo r  a t o t a l  d u r a t i o n  of approximately 8500 seconds  p lus  t h e  
ground  hold.   Since  the  dura.t ion  of  ground  hold i s  n o t  w e l l  d e f i n e d  
the   i n su la t ion   sys t ems   were   op t imized   fo r  t h e  mis s ion   du ra t ion ,  The 
inf luence of  the ground hold.was then assessed approximately by 
computing the a.mount of  hydrogen  boi l -of f  tha t  would be experienced 
for  each  of  the  sys tems and adding t h i s  bo i l -o f f  we igh t  t o  the  t ank  
the rma l  p ro tec t ion  sys t em we igh t .  
The the rma l  conduc t iv i ty  da t a  used  fo r  eva lua t ion  o f  t he  
helium  purged  microquartz  system was obtained from Reference 19. 
The system was analyzed assuming t h a t  t h e  b o t t o n  3 q u a r t e r s  o f  t h e  
tank were exposed to  constant  tempera, tures  of  200F,  lOOOF a.nd l5OOF 
so tha. t  a broad  ra.nge o f  s t ruc tura .1  tempera tures  f rom 200F to  l5OOF 
were  included.  For each wsl l  tempera ture  a. number of i n s u l a t i o n  
th icknesses  were  chosen  to  a l low computa . t ion  of  insu la t ion  a.nd hydro- 
gen  boi lof f  weights .  A p l o t  of tota .1  weight  f o r  each wal l  temper-  
a t u r e   p e r m i t t e d   i d e n t i f i c a . t i o n   o f   t h e  optimum i n s u l a . t i o n   t h i c k n e s s .  * 
Resu l t s  of t h e  a n a l y s e s  a r e  summarized i n  F i g u r e  65 which  presents  
i n s u l a t i o n  t h i c k n e s s  and the rma l  p ro tec t ion  sys t em we igh t  a s  func -  
t i ons   o f   s t ruc tu ra l   wa l l   t empera tu re .   The rma l   p ro t ec t ion   sys t em 
weight i s  p r e s e n t e d  i n  two  ways, the  weight  of  the  thermal  pro tec-  
t i o n   s y s t e m   a t   t i m e  of t a k e o f f ,  W t p  'and t h e  mea.n weight   of   the  
therma.1  protection  system  between  taaeoff and descent ,  Wtpm. The 
descent  thermal  pro tec t ion  weight  i s  less  tha.n the  a . s cen t  we igh t  a s  
a r e su l t   o f   hydrogen   bo i lo f f .  It i s  n o t  f e l t  t h a t  t h e  p r o t e c t i o n  
sys ten  should  be comple t e ly  pena l i zed  fo r  t he  ven ted  fue l  s ince  the  
vehic le  dra .g  should  decrea . se  as  a r e su l t  o f  t he  we igh t  dec rease .  
T h i s  a . s s u m e s  t h a t  t h e  v e h i c l e  f l i e s  a . t  maximum L over  D and t h a t  
t h e  ma.ximu.1 L over  D i s  i n s e n s i t i v e  t o  t h e  a l t i t u d e  c h a n g e  r e q u i r e d  
t o  r educe   t he   d rag .  On the   o the r   hand ,  i f  t h e  b o i l o f f  wa.s recovered 
the  p ro tec t ion  we igh t  would n o t  be pena.lized f o r  t h e  b o i l o f f  b u t  
would b e  pena . l i zed  fo r  t he  equ ipmen t  r equ i r ed  to  r ecove r  the  fue l .  
No weight w3.s i nc luded  fo r  t he  he l ium ga , s  u sed  fo r  pu rg ing  pu rposes  
o r  f o r  t h e  w e i g h t  o f  the mechanical components which would  be 
n e c e s s a r y  t o  make up a helium purge system. 
Thermal  conduct ivi ty  da. ta .  f o r  t h e  s e a l e d  foam i n s u l a . t i o n  
system was obtained  f rom  Reference  20 . Because  of   the  tempera. ture  
l i m i t a t i o n  o f  t h e  p l a s t i c  f i l m  used  for  sea l ing  purposes  a .na lyses  
of t h i s  s y s t e m  w e r e  l i m i t e d  t o  a wa l l  t empera tu re  of 200F, c o r r e s -  
pond ing   t o   t he   coo led   a i r f r a .me   s t ruc tu re .   Resu l t s  of the   a .na lyses  
a.re shown i n   F i g u r e  66. T h r e e   d i f f e r e n t  minimum i n s u b t i o n   t h i c k -  
nesses  were  se lec ted  and t h e  ma.ximum i n s u l a t i o n  t h i c k n e s s  was  v a r i e d .  
It ca,n  be s e e n  f r o m  t h e  r e s u l t s  t h a t  t h e  minimum system weight based 






















0 400 800 1200 16 00 
Outer Wall Temperature, O F 
Figure 65. Unit Weight and Thickness of .Helium Purged Tank 
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F igu re  66.  Unit Weight of Sealed  Tank  Insulation  System as a Function 
of Insulat ion  Thickness  
t h i c k n e s s .  A s  t h e  i n s u l a t i o n  t h i c k n e s s  a t  t h e  t o p  o f  t h e  t a n k  i s  
increased  from 0.3 i n c h  t o  0.7 i n c h ,  t h e  optimum t h i c k n e s s  a t  t h e  
bottom  decreases  from 1.12 i n c h  t o  0.88 i n c h .  Over t h i s  range  of 
va r i a . t i on  the  ave rage  in su la t ion  th i ckness  va r i e s  by only 0.08 inch ,  
from 0.71 t o  0.79 i n c h .  The uni t  weight  of  the  sys tem,  about  0 .32  
l b / f t ,  i s  only a.bout l /3 of the  weight  of the  f i b r o u s  i n s u l a t i o n  
system  which u t i l i zed   t he   he l ium  pu rge .   1n teg ra . t i on   o f   n i t rogen  
purge system weights  and ground hold effects  are  discussed la . ter .  
For t h e  C02 f r o s t  s y s t e m  t h e r m a l  c o n d u c t i v i t y  and d e n s i t y  
data  were  obta.ined  from  Reference 21 . An i n s u b t i o n  with a d e n s i t y  
of 4.5 l b / f t  c o n t a i n i n g  CO2 f r o s t   a t  a dens i ty  o f  25 l b / f t 3  was used 
s i n c e  i t  wa.8 found t o  y i e l d  minimum w e i g h t  o f  t h e  p r o t e c t i o n  a s  i n d i -  
ca.ted i n  Reference 21 
The b a s i c  f e a . t u r e s  of t h e  C02 f r o s t  therma.1 p ro tec t ion  sys t em 
a r e  shown i n  F i g u r e  67. P r i o r  t o  f l i g h t  Cog gas i s  i n t r o d u c e d   t o  
the  ca .v i ty  be tween the  tank  wa.11 and t h e  a i r c r a f t  s t r u c t . u r e  s u c h  
t h a t  i t  i s  c r y o d e p o s i t e d  w i t h i n  t h e  f i b r o u s  i n s t a l l a t i o n ,  t o  a t h i c k -  
ness   o f  X,. Dur ing   ope ra t ion   t he  C02 f ros t   sub l imes ,  f i l l s  t h e  
i n s u l a t i o n  w i t h  a gas  of' low therma.1 conduct ivi ty ,  a .bsorbs heat  a s  i t  
i s  t r a n s p i r e d  t h r o u g h t h e  i n s u l a t i o n ,  and purges  the  tank  compartment 
a rea  of' any hydrogen leakage while preventing cryopumping of a i r  t o  
the cold  tank  wal l .  The th lckness  of C 0 2  depos i t   g radua l ly   dec reases  
u n t i l  a t  t h e  end of f l i g h t  a t h i ckness   o f  X remains. The optimum 
i n s u l a t i o n  t h i c k n e s s  i s  denoted a s  L. The io ta1   weight   o f   the   thermal  
pro tec t ion   sys tem  before   t akeoff  i s  t h e  sum of' the   weight   of   the  
i n s u l a t i o n ,  t h e  CO;! f r o s t  l a y e r ,  and the  weight  of  the  hydrogen  fue l  
t o  be vented during the mission:  
whi le  the  mean w e i g h t  d u r i n g  f l i g h t  i s  
+ w  
According to  Reference  21, t h e  optimum t h i c k n e s s  of i n s u l a -  
t i o n  i s  g iven  as  
Liquid  Hydrogen 
I 
0 
Figure 67 Schematic of Cog Frost Tank Insulation  System 
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The weight  of  carbon dioxide frost  before  the takeoff  i s  g iven  as 
The  weight  of  fue l  bo i lof f ,  a . ss igned  to  the  thermal  pro tec t ion  sys tem 
weight  before  takeoff  i s  given as  
where Q = t h e  a.mount o f  hea . t  r equ i r ed  to  inc rea . se  the  p re s su re  
i n s i d e  t h e  t a n k  f r o m  i n i t i a l  p r e s s u r e  t o  v e n t i n g  p r e s s u r e .  
A = t a .nk  su r fa . ce  a rea  in  squa re  f ee t .  
F igu re  68 shows hydrogen  bo i lo f f  un i t  we igh t  a s  a f u n c t i o n  
f l i g h t  d u r a t i o n  a.nd s t r u c t u r a l  w a l l  t empera tu re .  A s  a r e s u l t  o f  t h e  
ca. rbon dioxide layer  being a , t  a. nea r ly  cons t a .n t  t empera tu re ,  t he  
hea t  i npu t  i n to  the  hydrogen  t a .nk  pe r  un i t  t ime  i s  n e a r l y  c o n s t a n t  
hence hydrogen boiloff i s  weakly dependent upon structural  wa.11 
t e m p e r a t u r e  a n d  d i r e c t l y  p r o p o r t i o n a l  t o  f l i g h t  d u m t i o n  a s  shown 
in  F igu re  68 .  
The mean we igh t  o f  t he  ca rbon  d iox ide  f ros t  l aye r  du r ing  the  
f l i g h t  i s  g i v e n  a s  
And, t h e  mean weight  of  the  vented 
~d 
f u e l  i s  
A rev iew of  these  equat ions  
th ickness  and  the f u e l  b o i l o f f  a r e  
i n d i c a t e s  t h a t  bo th  the i n s u l a t i o n  
dependent upon the va lues  o f  9 
which a re  de f ined  in  Refe rence  2 1  a s  Xo/L and X1/L 
r e s p e c t l v e l y .  The  optimum values   of  7 a.nd 9 m u s t  be  found by 
t r i a . 1  and e r r o r  a.nd depend upon t h e  t l m ?  of' the  miss ion ,  the  temper-  
a . tu re  of  the  s t ruc tura .1  sur fa .ce ,  a.nd t h e  p o r t i o n  o f  t h e  t o t a l  f l i g h t  
t imeover  which  boiloff  occurs.   In  computing  the  weight  of  the  carbon 
d iox ide  f ros t  sys t em,  optimum 9 I s  were  determined t o  g i v e  minimum 
therma.1 protection weight on the ground, t h a t  i s ,  by u s i n g  t h e  equa.- 
t i o n  f o r  W t  Once de termined ,   these   va lues   o f  7 and 7 were 
used t o  cornggte t h e  mean thermal   p ro tec t ion   sys tem  weight ,  W I n  
a f e w  c a s e s  optimum va lues   o f  33 and  were  found by uszgg ' the  
equa t ion  for t h e  mean t h e r m a l  p r o t e c t i o n  weight, W t  m. These  r e su l t s  
?.greed within a.bout -10% o f  the  va . lues  obta ined  us ing  ?7 I s  computed 
t o  m i n i m i z e  t h e  i n i t i a l  w e i g h t  of' . the  thermal  pro tec t ion  sys tems.  
and 331 
FIGURE 68 U N I T  WEIGHT OF HYDROGEN BOILOFF  BEFORE  FLIGHT  AS A 
FVNCTION OF STRUCTURAL TEMPERATURE AND FLIGHT DURATION 
, I  
I 
A f t e r  t h e  optimum values  of To a.nd vl were  determined 
thermal  pro tec t ion  weights  cor responding  t o  the  t ake -o f f  cond i t ion ,  
and t h e  mean f l i g h t   c o n d i t i o n ,  W t p m ,  were  computed. The 
r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e s  69 and 70 a s  f u n c t i o n s  of time 
and tempera ture .   These   f igures  show t h a t  for shor t   imes   t he   we igh t  
of t h i s  i n s u l a . t i o n  c o n c e p t  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  s t r u c t u r a l  
t empemture  b u t  i s  q u i t e   s e n s i t i v e   t o   o p e r a . t i o n a 1   t i m e .   F o r  a.n 
expos r e  t ime  of 30 B i n u t e s  t h e  mean system weight va.ries from 0.72 
l b / f t  t o  0.88 l b / f t  a.s the  exposure  tempemture i s  increa.sed  from 
200F t o  l5OOF. System  weight  increa.ses  more  rapidly f o r  l o n g e r  
missions,  however. A mi s s ion   du ra t ion  of 1 .5  hours would r e q u i r e  
a weight of 1.51 l b / f t 2  i f  the exposure temperature  was 200F  and 
2.14 l b / f t 2  i f  i t  was l5OOF. 1nsula . t ion   th ickness   requi rements  
were 8 . 1 ~ 0  computed a.s a. f unc t ion  o f  s t ruc tu ra .1  t empemture  a.nd t ime 
a.s p re sen ted  in  F igu re  71. 
WtPg, 
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C. INSULATION  SYSTEM  CO PARISONS 
In  compar ing  the  th ree  in su la t ion  concep t s  fo r  t he  fo rward  
ta.nk, c o n s i d e r a t i o n  m u s t  be g iven  to  insu la . t ion  sys tem weight ,  purge  
ga.s system weight,  hydrogen boil-off during ground hold and insula- 
t i on   t h i ckness .   These  d a t a  a r e  summarized i n   T a b l e  X V I I .  For t h e  
c o o l e d  a i r f r a m e  t h e  s e a l  d foam  system w i t h  the  n i t rogen  pu rge  i s  
t h e  l i g h t e s t ,  0.85 l b / f t  5 compared t o  1.60 l b / f t 2  and 1.80 l b / f t 2  
fo r  t he  he l ium purged  in su la t ion  and t h e  COP f ros t  sys t em re spec -  
t i v e l y .  If helium  were  used w i t h  the  cea.led f0a.m concep t   r a the r  
t h a n   n i t r o g e n   a n   a d d i t i o n a l   0 . 2 0  l b / f t '  could be saved.  Thus, if 
a. r e l i a .b l e  s ea l ing  t echn ique  cou ld  be  developed  about 3000 pounds 
could  be  saved i n  i n s u l a t i n g  t h e  forwa.rd  tank.  For  the  uncoDled 
a i r f r a m e  t h e  C02 system i s  about  0.51 l b / f t 2  o r  1670 pounds l i g h t e r  
than the helium purge system. 
The use o f  t h e  c o o l e d  s t r u c t u r a l  a i r f r a m e  p e r m i t s  t h e  u s e  o f  
a t h i n n e r  i n s u l a t i o n  b l a n k e t  t h a n  i s  p o s s i b l e  when an  uncooled 
s t r u c t u r e  i s  used.  The r educed   i n su la t ion   t h i ckness  would permit  
a n  i n c r e a s e  i n  t o t a l  f u e l  t a n k  volume or a d e c r e a s e  i n  f u s e l a g e  
volume of  about 100 c u b i c  f e e t .  When  a, cooled   a i r f rame i s  used   the  
allowance of 3.0 inches for  c lea . rance between the ta .nk w a l l  a.nd t h e  
fuse lage  f rames  i s  adequate  for incorpora . t ing  the  necessary  , insu la-  
t i o n  t h i c k n e s s  and p rov id ing  adequa te  d i s t ance  to  accommoda.te 
re la t ive   deformat ions   be tween  the   t ank  and the   a . i r f rame.  However, 
for the uncooled a.irfra.me a. s l i g h t  i n c r e a s e  i n  c l e a , r a . n c e  would  be 
r equ i r ed  in  the  v i c in i ty  o f  t he  fo rwa . rd  t ank ,  bu t  because  o f  t he  
l e s s e r  i n s u l a t i o n  t h i c k n e s s  r e q u i r e d  for t h e  o t h e r  t a n k s  t h e  c l e a r -  
ance i s  a.dequa.te. The n e t  r e s u l t  would  be a, s l i g h t  r e d u c t i o n  i n  
f u e l  volume. The use  of a c o o l e d  a i r f r a m e  a l s o  r e s u l t s  i n  s i g n i f i -  
can t   s av ings   i n   i n su la t ion   sys t em  we igh t .  If t h s  helium  purged 
concept  were  used a wl ight   sav ings  of 1.17 l b / f t  would r e s u l 4  w h i l e  
f o r  t h e  carbon\  dioxide  system  the  weight  sa.ving i s  0.46 l b / f t  . For 
the  fo rward  t ank  these  wait weight  reduct ions  a.mount t o  3800 pounds 














Wall Temperature, F 
Figure 69 Unit Weight of CO2 Frost  Tank  Insulation  System  before  Flight 









U'all Tempera ture ,  ' F 
Figure 70 Mean  Unit  Weight of C 0 2  Frost  Tank  Insulation  System as 
a Function of Structural   Temperature  and  'Flight  Duration 
0 400 800 1200  1600 
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F igu re  71 Insulat ion Thickness  Requirements  for C 0 2  Frost Tank Insu la t ion  
Sys tem as a Function of S t ruc tu ra l   Tempera tu re   and   F l igh t   Dura t ion  
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TABLE X V I I  
COMPARISON OF INSULATION  SYSTEMS  FOR  FORWARD FUEL TANK 






P I  C02 F r o s t  
1 I n i u l a t i o i p  1 Purge System System
Airframe 
Inches I l b / f t  ( 2 )  I l b / f t  Type (1) Thickness , Weiggt Wkigh& 
Cooled 
0.093 2.38  3.30 Uncooled 
0.093 0.86 1.50 
Cooled 0.287  0.32 0.75 
Cooled 
0 2.16 1.90 Uncooled 
0 1.60 0.94 
Ground- Hold I Tota l  
Boil20f f Weigh5 
l b / f t  (3) I l b / f t  
0.65 1.603 
0.30  2.773 
0.24 0.847 
I 
(1) Cooled s t r u c t u r e  is a t  200F, mean tempemture  of   uncooled  s t ructure  i s  
(2 ) A t  t ake-of f .  
( 3 )  Ground hold  of 30 minutes. 
ll5OF a t  tank  loca t ion .  
Based  on these  compar isons  the  Cog f r o s t  s y s t e m  was s e l e c t e d  
f o r  u s e  i n  o r d e r  to provide  a conse rva t ive  e s t ima . t e  o f  i n su la t ion  
sys t em we igh t .  Weigh t  o f  i n su la t ion  fo r  t he  to t a .1  t ankage  was 
es t imated  with the use  of  a t y p i c a l  f u e l  f l o w  s c h e d u l e  o f  F i g u r e  72 
a.nd t h e  u n i t  w e i g h t  d a t a  p r o v i d e d  i n  F i g u r e  7 0 .  The t o t a . 1  i n s u l a -  
t i on  we igh t s  were  computed  f rom the  t ank  a reas  and  un i t  we igh t s  fo r  
t he  comple t e  in su la t ion  sys t em p lus  a.n e s t i m a t e  of a . d d i t i o n a 1  f u e l  
bo i l -of f   dur ing   ground  ho ld .  The uni t   weights   were  obtained  f rom 
F igure  70  us ing  the  mea.n tempera ture  of  the  a i r f ra .me a . t  t h e  mid -  
po in t  o f  ea.ch p a r t i c u l a r  ta.nk and the t ime associa.ted w i t h  emptying 
each   par t icu1a . r   t a .nk .   S ince   the   ca . lcu la t ions   upon  which   F igure   70  
was  based included the inf luences of  increa.s ing ta .nk pressure f rom 
17 p s i a  t o  2 5  p s i a  and of  f i l l i n g  t h e  ta.nk wi th  hydrogen ga.s a s  
l i q u i d  i s  w i t h d r a w n ,  t h e  b o i l - o f f  computed for the  ground  hold  con- 
d i t i o n  i s  an equiva.lent va.lue based upon the heat 1ea.kage into each 
ta.nk  during  ground  hold.  Tha , t  i s ,  t h e  b o i l - o f f  may no t  r ea . l l y  occur  
during ground hold but a. por t ion of  the hea. t  ca .paci ty  ava. i lable  
p r i o r  t o  v e n t i n g  would  be u t i l i z e d  s u c h  t h a t  t h e  b o i l - o f f  would 
o c c u r  e a r l i e r  t h a n  wa.s included in  the computa. t ions summarized in  
F igure  70. The e q u i v a l e n t   b o i l - o f f  was  computed u s i n g  t h e  t h i c k n e s s  
of  insu la . t ion  which  was optimum f o r  t he  f l i g h t  p r o f i l e ,  a s  ob ta ined  
from Figure 71, a long  wi th  t h e r m a l  c o n d u c t i v i t y ,  t e m p e m t u r e  d i f f e r -  
e n t i a l ,  and hold  t lme.  Examination of t he   i n su la . t i on   and   bo i l -o f f  
weights  tabulated below suggest  tha. t  those ta .nks which are  emptied 
e a r l y  i n  t h e  m i s s i o n  p r o f i l e  s h o u l d  be optimized on the  ba . s i s  of  
bo th  g round  ho ld  and  f l i gh t  hea t  i npu t s .  I f  a .dd i t iona .1  in su la  t i on  
was added t o  Tank 4 the hea. t  input  during ground hold would  be 
reduced   and   the   to ta .1   un i t   weight   should   decrease   s l igh t ly .   For   the  
aluminum a l l o y  a i r f r a m e  c o o l e d  t o  200F the  to ta .1  weight  i s  17,300 
pounds a.s summa.rized below: 
Tank  Tank  Unit  Weight, l b / f t 2  Total  Weight ,  
(1) 
” Number Area,   Ft2  Insulat ion  System  Boil-Off  Lbs .  











0.24 32 50 
0.45 3010 
17,300 
(1) Boi l -o f f  i s  the  quivalent  due  to  the  30  ininute  ground  hold 
o n l y  s i n c e  t h e  i n - f l i g h t  b o i l - o f f  i s  inc luded  in  the  in su la . -  
t i on   sys t em  we igh t .   I n   ac tua l   ope ra . t i on   bo i l -o f f  i s  n o t  
v e n t e d  u n t i l  t a n k  p r e s s u r e  r e a c h e s  t h e  r e l i e f  v a l v e  s e t t i n g .  
S imi la r  computa t ions  f o r  a t i t a n i u m  s t r u c t u r e  c o o l e d  t o  400F y ie lded  
a t ank  in su la . t i on  we igh t  o f  18,400 pounds.   For   the  uncooled  s t rucute  
t h e  t o t a l  w e i g h t  is 20,140 pounds a s  summarized  below: 

Ta.nk Unit  Weight, lb/ft Tank (1) Total   Weight ,  
2 
Number A r e a ,   F tI n s u l a t i o n  System Boil-Off - Lbs.  
1 3250 2.16 
2 3700 1.44 
3 2270 1.49 








(1) Boi l -of f  i s  t h e   e q u i v a l e n t   d u e   t o   t h e  30 minute  ground  hold 
o n l y  s i n c e  t h e  i n - f l i g h t  b o i l - o f f  i s  i n c l u d e d  i n  t h e  i n s u l a -  
t ion   sys tem  weight .   In   ac tua .1   opera t ion   bo i l -of f  i s  n o t  
v e n t e d  u n t i l  t a n k  p r e s s u r e  r e a c h e s  t h e  r e l i e f  v a l v e  s e t t i n g .  
The re fo re ,  t he  use  of  a cooled  a i r f rame permi ts  a. r e d u c t i o n  i n  t a n k  
insu la t ion  sys tem weight  of 1740 o r  2840 pounds if' the ca.rbon 
d i o x i d e  f r o s t  s y s t e m  i s  used  wi th  t i t an ium o r  aluminum c o n s t r u c t i o n .  
Use of  the  sea led  foam insu la t ion  sys tem,  which  i s  a p p l i c a b l e  o n l y  
f o r  t h e  c o o l e d  a.luminum a. l loy a . i r f rame concept ,  would y i e l d  a. ta.nk 
insu la t ion  sys tem weight  of about  8500 pounds i f  n i t r o g e n  wa.s used 
a s  t h e  p u r g e  g a s  a.nd of about  7000 pounds i f  helium were used a.s t h e  
purge  ga,s. As compared w i t h   t h e  CO f r o s t   s y s t e m   i n s t a l l e d   i n  t h e  
cooled  a i r f ra .me  weight   reduct ions 05 between 11,600 and 13,000 
pounds  could  be  achieved by t h e  u s e  of t h e  s e a l e d  foam concept .  
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SECTION 7 
FUSELAGE  INTEGRATION STUDIES 
In  preceding  sec t ions  the  var ious  e lements  which  con-  
t r i b u t e  t o  t h e  w e i g h t  of t h e  a . i r c r a f t  f u s e l a g e  w e r e  exa.mined.  Tra.ns- 
p i r a t i o n  and convect ive cool ing system concepts  were s tudied so t h a t  
coola.nt   and  system  component  weights  were  defined.  Structura.1  in- 
ves t iga t ions  def ined  weights  of  tankage ,  passenger  compar tment  a,nd 
a i r f r a .me   s t ruc tu re .   1nsu la . t i on   sys t ems   fo r   t he   hydrogen   fue l   t anks  
wzke compared,   including t h e  e f f ec t   o f   fue l   bo i1 :o f f .   Weigh t   e s t i -  
ma.tes f o r  c o o l e d  a.nd uncooled fuselage concepts which a.re provided 
i n  t h i s  s e c t i o n  a . r e  ba.sed  upon t h e  i n d i v i d u a . 1  i n v e s t i g a t i o n s  o f  
S e c t i o n s  4, 5 a.nd 6 .  
A .  COOLED FUSELAGE 
T h r e e  t r a n s p i m n t s  were cons idered  for coo l ing  the  fuse l a .ge .  







Al though  the  use  o f  hydrogen  r e su l t s  i n  the  l i gh te s t  t r a ,n sp i r a . t i on  
c o o l i n g  s y s t e m ,  t h e  r e l a t i v e  e a s e  of ha.ndling water coupled wi th  i t s  
sa . f e ty  a.nd sma.11 volume requirement ma,ke i t  a. 1ogica. l  candida. te .  
Helium i s  o n l y  s l i g h t l y  i n f e r i o r  b u t  i s  Rot  considered 3.s a prime 
candida te  because  af  i t s  l i m i t e d  a . v a i l a b i l i t y ,  low dens i ty ,  and  
h igher   sys tem  w:? ight .   In tegra ted   fuse lage   weights   based  on t h e  
hydrogen and water  t ranspirat ion concepts  a . re  summarized in  Ta.ble  
X V I I L .  Conparison of' t he   we igh t s   p re sen ted   i n   Tab le  X V I I I  i n d i -  
c a t e  t h a t  t he  hydrogen  t r ansp imt ion  sys t em i s  approximate ly  8,000 
pounds l i g h t e r   t h a n   t h e   w a t e r   t r a n s p i r a t i o n   s y s t e m .  T h i s  weight 
d i f f e r e n c e  i s  due p r imar i ly  to  the  f a , c t  t ha , t  hydrogen  i s  a ,bout  th ree  
t i m e s  a s  e f f e c t i v e  a t r a n s p i r a n t  a s  w a t e r  which r e s u l t s  i n  a 19,003 
pound coolant  weight  advantage  in  favor  of the hydrogen system. 
However, t h i s  adva,nta.ge i s  p a r t i a l l y  o f f s e t  by t h e  11,009 pound 
d i f f e rence  in  coo l ing  sys t em componen t s  s ince  the  wa te r  d i s t r ibu -  
t ion  sys tem would b e  much l i g h t e r  t h a n  t h a t  r e q u i r e d  f o r  d i s t r i b u -  
t i n g   t h e   h y d r o g e n   t r a n s p i r a n t .  Based  on t h e   c o o l a n t   r e q u i r e m e n t s  
t h e  volumes of coolant   are   a .pproxima. te ly  500 cu. f t .  and  2600  cu. 
f t .  f o r   w a t e r  a.nd hydrogen   respec t ive ly .  The r e l a . t i v e l y  sma.11 
volume  of wa te r  cou ld  eas i ly  be s t o r e d  i n  t h e  w i n g s  w h i l e  a p p r o x i -  
ma.tely 10 f e e t  would have t o  be  a.dded t o  t h e  f u s e l a . g e  t o  a,ccommodate 
the  hydrogen volume r e q u i r e d   f o r   t r a n s p i r a t i o n   c o o l i n g .  Based  on 
the  da ta .  o f  F igure  58 the  a .verage  running  weight  of  the  fuse la .ge  
i n  t h e  v i c i n i t y  o f  t h e  t a . n k s  i s  a.pproxima.tely 25 l b s / i n .  so t h a t  
approxima.tely 2500 pounds of fuselage weight i s  r e q u i r e d  t o  accommo- 
d a t e   t h e   a d d i t i o h a l   t a n k a g e .   T h i s   r e d u c e s   t h e  weight a.dvantage  of 
the hydrogen cool ing system a.s compa.red t o  wa.ter t o  5000 t o  6000 
pounds  out  of  the  l 3 0 , O O O  pound a i r f rame sys tem weight ,  hard ly  
enough to  war ran t  t he  ope ra t iona .1  p rob lems  of using hydrogen.  
TABLE mII. WEIGHT SUMMARY FOR TRANSPIRATION 
COOLED FUSELAGE.  CONCEPTS (5 ) 
T r a n s p i r a n t  
ELEMENT OF WEIGHT Hydrogen  Water
Coolant, l b s  . 11 , 580 30,240 
Cooling  System  Components (1) l b s .  20,020  9,340 
Porous Mater ia l ,  l b s .  13 250  13,250 
Airfra .me  Structure  ( 2 ) ,  l b s .  51,050  51,050 
Fue l  Tanks ( 3 ) ,  l b s .  17,600 17 , 600 
Tank I n s u h t i o n  System (4), l b s .  17,300 17, 300 
TOTAL, Lb s . 130,800 138 , 740 
(1) Includes  ta.nks f o r  t r a n s p i r a n t  and d i s t r i b u t i o n   s y s t e m .  
( 2  1 Aluminum a l l o y   c o o l e d   t o  200F. 
( 3 )  Inconel  718 non- in tegra l ,   non- i so thermal   t anks .  
(4 1 Carbon  dioxide  f rost   ys tem 
(5 )  Multi tempera.ture  system;  nose  region a t  1400F, lower 
f u s e h g e  a t  1000F, upper  fusela .ge a . t  6 0 0 ~ .  
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Weights for unshielded convect ively cooled fuselage con-  
c e p t s   a r e  summarized i n   T a b l e  XIX . Weightwise  the water g l y c o l  
and the  s i l i cone  sys t ems  a re  approx ima , t e ly  the  same a l t h o u g h  t h e  
l a t t e r  ha.s a ve ry   s l i gh t   we igh t   advan tage .  More important ,  how- 
ever ,  i s  the  reduced hydrogen fuel  f low r a t e  needed when a s i l i c o n e  
system i s  used .  This  reduced  fue l  f low i s  most ly  a r e s u l t  of t h e  
l a r g e r  d i f f e r e n c e  b e t w e e n  t h e  i n l e t  and out le t  t empera . tures  of t h e  
hydrogen which passes through the hydrogen t o  c i r c u l a t i n g  f l u i d  
heat  exchanger  and s l i g h t l y  a r e s u l t ' o f  Lower h e a t  l o a d  d u e  t o  t h e  
h i g h e r  wall  tempera.ture. 
Hydrogen f low ra . te  requirements  can also b e  reduced through 
the  use of  externa.1 hea. t  shields  which reduce the f low of  hea. t  to  
t h e   l o a d   c a r r y i n g   s t r u c t u r e   w h i c h  i s  cooled. '   Ta.bles XX a.nd X X I  
summa.rize fuse l age  we igh t s  fo r  wa . t e r  g lyco l  a.nd s i l i c o n e  f l u i d  
convec t ive  sys t ems  which  u t i l i ze  ex te rna .1  sh i e ld ing  ove r  two d i f f e r -  
en t   a rea . s   o f   the   fuse la .ge .  For one  ca.se  heat  shields  a.re assumed 
t o  be  i n s t a l l e d  o v e r  t h o s e  a r e a s  o f  t h e  f u s e l a g e  where maximum 
tempemtures  exceed lOOOF a.nd i n  t h e  second  ca.se  where ma.ximum 
tempemtures  exceed 800F. For t h e  LOOOF case  hydrogen  flow  ra.te 
requirements  are  reduced by about 25% a s  compared t o  t h e  c a s e  where 
no h e a t  sh ie lds  a,re  used.  System  weights d i d  n o t  change s i g n i f i -  
ca ,nt ly  a.s compared to  the  non-sh ie lded  case  s ince  the  weight  o f  t h e  
h e a t  s h i e l d s  i s  compensated by the  r educ t ion  in  coo l ing  sys t em 
weight  and  heat  exchanger  size.  For t h e  8 0 9 ~  shielded  case  hydrogen 
f l o w  r a t e s  a r e  r e d u c e d  t o  a.bout 38% of t h e  f l o w  r a t e  r e q u i r e d  f o r  
the  unshielded  case.   Because of t he   add i t iona l   a r ea   cove red  by 
t h e  hea . t  s h i e l d s ,  t h e  t o t a l  s y s t e m  w e i g h t  i n c r e a s e s  by about  3000 
lbs. T h a t  i s ,   t h e   r e d u c t i o n   i n   c o o l i n g   s y s t e m  component weights  
i s  n o t  s u f f i c i e n t  t o  overcome t h e  i n c r e a s e  i n  w e i g h t  d u e  t o  t h e  
hea . t  sh i e lds .  
I n  compa.ring t h e  w a t e r  g l y c o l  a.nd s i l i cone  convec t ive  sys tem 
resul ts   f rom  Ta.bles  X I X ,  XX, and X X I ,  t h e r e  i s  r e l a t i v e l y   l i t t l e  
we igh t  d i f f e rence  fo r  campamble  sh i e lded  and unshielded concepts .  
The s i l i c o n e  s y s t e m s  r e s u l t  i n  t h e  s m a l l e r  h y d r o g e n  f l o w  r a t e  
requirements  b u t  n e c e s s i t a t e s  t h e  u s e  of  t i t a n i u m  a l l o y  s t r u c t u r e ,  
because  o f  t he  h ighe r  s t ruc tu ra l  ope ra t ing  t empera tu res  wi th  i t s  
g r e a . t e r  f a b r i c a , t i o n  d i f f i c u l t i e s  a s  compared t o  aluminuii a.lloys. 
The weight  for  an  uncooled  fuse lage  concept  i s  summarized i n  
Table XXII. A s  compared to   the   cooled   concept   the   a , i r f rame  s t ruc-  
tura .1  weight  i s  somewhat grea.ter  (a. lmost 10,000 pounds) , i n s u l a -  
t i o n  i s  r e q u i r e d  i n  t h e  p a . s s e n g e r  compa.rtment area,  ( ,about  5,000 
pounds) and the ta.nk insulation system i s  heavier  (between 2,000 
and 3,000 pounds) .   Thus,   despi te   the 12,000 t o  13,000 pounds 
r e q u i r e d  f o r  t h e  c o o l i n g  s y s t e m ,  t h e  c o n v e c t i v e l y  c o o l e d  s t r u c t u r a l  
concepts  are  a .bout  4,000 pounds l i gh te r  t han  the  uncoo led  concep t .  
It should  be  noted  tha t  the  wr ights  presented  for  the  uncooled  
concept do not   inc lude   any   ex terna .1   hea . t   sh ie lds .  More de ta . i led  
s tudy  would  be r e q u i r e d  t o  a s c e r t a i n  t h e  e x t e n t  of hea . t  sh i e ld ing  
requi red   for   the   uncooled   fuse lage   concept .  By n e g l e c t i n g  h e a t  
sh ie ld  weight  an o p t i m i s t i c  e s t i m a t e  o f  t h e  w e i g h t  f o r  t h i s  con- 
c e p t  i s  obta ined .  
TABLE XIX WEIGHT SUMMARY FOR CONVECTIVELY  COOLED 
FUSELAGE  CONCEPTS 
Convective Coolant 
ELEMENT OF WEIGHT Water /Glycol   S i l icone  
Cooling  System  Components (l), l b s .  13 075 11,710 
Air f r ame   S t ruc tu re  ( 2 ) ,  l b s .  51,050 51,050 
Fuel  Tanks ( 3 ) , l b s .  17,600 17,600 
Tank Insu la t ion  Sys tem (4) ,  l b s .  17,300  18,400 
TOTAL 
FLOWRATE  DATA 
Convective  Coolant,   lb/hr.   1,180, ooo 1,707  490 
Hydrogen (5  ) , l b /h r  . 70,800 45 Y 790 
I n c l u d e s  d i s t r i b u t i o n  s y s t e m ,  h e a t  e x c h a . n g e r ,  p u ~ p  a.nd f u e l  
t o  d r i v e  t h e  pump. 
Aluminum a . l loy  cooled  to  200F f o r  w a t e r / g l y c o l  and t i ta .nium 
a l l o y  c o o l e d  t o  400F f o r  s i l i c o n e .  
Inconel  718 non-integra.1,  non-isothermal  tanks 
Carbon  Dioxide f r o s t  s y s t e m  
Hydrogen in l e t  t empera . tu re  of' -400F  and o u t l e t  t e m p e r a t u r e s  
of l5OF a.nd 300F f o r  water /glycol  and s i l i cone .  sys t ems  
r e s p e c t i v e l y .  
Water  g lycol  tempera ture  d i f fe rence  i s  150°F; s i l i c o n e  
t e m p e m t u r e  d i f f e r e n c e  i s  350'F. 
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TABLE XX WEIGHT SUMMARY FOR  CONVECTIVELY COOLED FUSELAGE 
CONCEPTS  EMPLOYING WATER-GLYCOL AND EXTERNAL 
THERMAL PROTECTION 
S h i e l d e d  t o  (1) 
ELEMENT OF WEIGHT lOOOF 8 0 0 ~  
Cooling  System  Components (2), l b s .  9, 970 5 690 
Hea t   Sh ie lds ,   l b s .  (1.10 l b / f t 2 )  3,080 10,280 
Air f r ame   S t ruc tu re  (3 ) ,  l b s .  51,050  51,050 
Fuel  Tanks (4), l b s .  17,600  17,600 
Tank 1nsula . t ion System (Is,), l b s .  17 300 179 300 
TOTAL 99 9 000 101,920 
FLOWRATE DATA 
Convective  Coolant, l b / h r .  
Hydrogen ( 6 ) ,  l b / h r .  
726,000 343,000 
44,030 20,840 
Hea t  sh i e lds  a . r e  i n s t a . l l ed  ove r  a l l  a r e a s  o f  t h e  f u s e l a g e  
where maximum temperatures  exceed the value shown. 
Includes  dis t r ibut ion  system,  hea. t   exchanger ,  pump a n d  
f u e l  t o  d r i v e  t h e  pump. 
Aluminum a . l l oy  coo led  to  200F. 
Inconel  718 non-integral ,  non-isothermal  ta .nks.  
Ca.rbon d i o x i d e  f r o s t  s y s t e m  
Hydrogen i n l e t  t e m p e m t u r e  of -400F and ou t l e t  t empera . tu re  
1 5 0 ~ .  
Wa.ter g lycol  tempera . ture  d i f fe rence  i s  150°F 
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TABLE X X I  WEIGHT SUMMARY FOR CONVECTIVELY  COOLED FUSELAGE 
CONCEPTS  EMPLOYING SILICONE  FLUID AND EXTERNAL 
THERMAL PROTECTION 
S h i e l d e d   t o  (1) ' 
ELEMENT OF WEIGHT l O O O F  8 0 0 ~  
Cooling  System  Components  (2), Lbs.  
Heat   Shie lds ,  Lbs .  (1.10 l b / f t 2 )  
Airfra .me  Structure  (3) ,  Lbs .  
Fuel  Tanks (4), Lbs.  
Tank Insu la t ion  Sys tem (5)  , L b s .  
TOTAL 
FLOWRATE DATA 
Convective Coolant , lb/l?r. 786,200  372 , 000 
Hydrogen ( 6 )  lb /h r  . 27,580 13 , 040 
(1) H e a t   s h i e l d s   a . r e   i n s t a l l e d  ove r  a l l  a r e a s  of the  fuse la .ge  
where maximum tempera tures  exceed  the  va.lues shown. 
(2)   Includes  dis t r ibut ion  system,  hea. t   exchanger ,  pump  a.nd 
f u e l  t o  d r i v e  t h e  pump. 
(3)  Ti tan ium  a l loy   cooled   to   400F.  
(4) Incone l  718 non-integral ,   non-isotherma.1  tanks.  
(5 )  Carbon d i o x i d e   f r o s t   y s t e m  
(6)  Hydrogen i n l e t   e m p e r a t u r e  of -400F a.nd o u t l e t  
temperature  of  3OOF. 
( .7)  S i l i c o n e   t e m p e m t u r e   d i f f e r e n c e  i s  350" 
T A B U  XXI WEIGHT SUMMARY FOR UNCOOLED  FUSELAGE  CONCEPT 
Element of' Weight  Weight,  Pounds 
Ai r f r ame   S t ruc tu re  (1) 
Passenger  Compa.rtment I n s u l a t i o n  ( 2 )  
Fuel  Tanks ( 3 )  





TOTAL 103 570 
(1) Incone l  718, no  weight  allowa,nce f o r  h e a t   s h i e l d s .  
( 2 )  From Table I 
(3 )  Incone l  718, non- in tegra l ,   non- i so thermal  
( 4 )  Carbon  dioxide  f rost   system 
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The weights  and hydrogen flow rates  r e q u i r e d  for v a r i o u s  
cooled and uncooled fuselage concepts a r e  summarized i n  Ta.ble 
XXlII. The u s e  of t r a n s p i r a t i o n   c o o l e d   s y s t e m s   e l i m i n a t e   t h e  
dependence of cooling on t h e  f u e l  f l o w  rate  but  r e su l t  i n  sys t ems  
which a re  between 3O,OOO and 40,000 pounds  heavier  than  o ther  
cooled  and  uncooled  concepts.  Fuselage  weights  between 99,000 
and lO2,5OO pounds a r e  predicted for the  va . r ious  convec t ive ly  
cooled  concepts.   Fuel  f low r a t e  requirements   vary from l3,OOO 
l b s / h r  t o  7l,OOO l b s / h r .  
It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  s y s t e m  which  employs 
hea . t  sh i e ld ing  o f  a reas  where maximum temperatures exceed 1000 F 
a r e  no hea.vier  than unshielded systems but  require  only a .bout  "75% 
of   t he   fue l   f l ow  r a t e   needed  f o r  the   unshie lded   sys tems.  By 
ex tend ing  the  hea t  sh i e lds  ove r  t h e  fuse l age  a rea  wh ich  would 
exceed 800~ f u s e h g e  w e i g h t  i s  increased  by a.pproximately 3000 l b s .  
Flowrates  are  reduced to  a .bout  38% o f  t h a t  r e q u i r e d  f o r  t h e  un- 
shielded  ca.se.  The weights  of the  convect ively  cooled  systems  with 
t h e  8 0 0 ~  h e a t  s h i e l d i n g  a r e  r o u g h l y  c o m p a m b l e  t o  t h a . t  o f  t h e  un- 
cooled concept which i s  independent of  f u e l  flow r a t e  r equ i r emen t s .  
However, i t  should be r e c a l l e d  t h a t  t h e  u s e  o f  a w a t e r  g l y c o l  
cooled  aluminum a l l o y  s t r u c t u r e  c o u l d  p e r m i t  t he  u s e  of  sea led  
f0a.m ta .nk  insulat ion  which,  i f  s a . t i s f ac to r i ly   deve loped ,   cou ld  
reduce the weight  o f  t h i s  s y s t e m  by approximately 12,000 l b s .  
such  tha t  the  to ta .1  fuse lage  weight  based  on  the  w a t e r  g l y c o l  
cooled  aluminum a l l o y  s t r u c t u r e  w i t h  sea led  foam insu la t ion  should  
ra.nge  between  87,000 l b s .  a.nd 90,500 l b s .  
TABLE XXIII SUMMARY OF COOLED AND UNC03LED FUSELAGE CONCEPTS 
Concept 
Requi red  
T o t a l   F u s e l a g e   H y d r o g e n  
Weight,   Pounds  Flow  Rate,  l b /h r .  
Hydrogen  Transpirat ioCooled  Aluminum  Alloy 130,800 0 
W a t e r   T r a n s p i m t i o n   C o o l e d  Aluminum A l l o y  138 740 0 
Water-Glycol   Convect ively  Coo ed  Aluminum  Al oy 99,025 70,800 




Water-Glycol  Cooled  Aluminum A l l o y  W i t h   S h i e l d s   t o  lOOOF 99 I 000 44,030 
S i l i c o n e   F l u i d   C o o l e d   T i t a n i u m   A l l o y   w i t h   S i e l d s   t o  lOOOF 100, loo 27 , 580 
Water-Glycol  Cooled  Aluminum  Alloy w i t h  S h i e l d s   t o 809~ 101,920 20,840 
S i l i c o n e   F l u i d   C o o l e d   T i t a n i u m   A l l o y   w i t h   S i e l d s   t o  8 0 0 ~  102 9 5 30 13,040 
Uncooled 103,570 0 
SECTION 8 
TAIL SURFACES 
Cooling concepts examined f o r  t h e  t a i l  s u r f a c e s  i n c l u d e d  
t ranspira . t ion of  hydrogen and water ,  and convect ive wa. ter  glycol  
and s i l i cone   f l u id   l oops .   Hea t   l oads   were  computed f o r  a range  of  
a .ngles  of  a t ta .ck from 0" t o  10" f o r  t h e  h o r i z o n t a l  t a . i l  but  d i d  
no t  cons ide r  va . ry ing  con t ro l  su r f ace  de f l ec t ion  wh ich  would be 
r ep resen ta t ive   o f   maneuver ing   cond i t ions .  The v e r t i c a . 1  t a . i l  wa.s 
a.ssumed t o  be p a r a l l e l  t o  t h e  a . i r s t r e a m .  S t r u c t u r a l  w e i g h t s  f o r  
the  cooled  t a i l  surfa.ces were estimated on t h e  b a . s i s  o f  u n i t  wing 
weights a.s determined i n  Reference 12 and u s i n g  a s t a t i s t i c a l  
weight  estima.tion  technique.  For  the  uncooled t a i l  s u r f a c e   s t r u c -  
ture ,  the weight  es t ima. te  wa,s based on Reference wing weights exclud- 
i n g  t h e  i n f l u e n c e  of the  1oa.d b u i l d u p  n e a r  t h e  r e a r  s p a r  o f  t h e  
wing  where f l a p  a.nd a i l e r o n   s u r f a c e s   a r e  mounted. The a.pproximate 
na ture  of  the  weight  es t ima, t ion  techniques  was considered j u s t i f i e d  
s i n c e  t h e  t a i l  su r f a . ces  r ep resen t  a. r e h t i v e l y  small p o r t i o n  o f  t h e  
tota.1  a. irfra.me  weight.   For  the  uncooled  concept therma.1 s t r e s s e s  
were neglected.  
A .  COOLING SYSTEM STUDIES 
Adiabat ic  w a l l  t e m p e r a t u r e  d i s t r i b u t i o n s  for t h e  v e r t i c a l  
a.nd horizonta .1  t a . i l  s u r f a c e s  a r e  p r e s e n t e d  i n  F i g u r e s  73 a.nd 74. 
Only the zero a .ngle  of  a t ta .ck ca.se  w'as c o n s i d e r e d  f o r  t h e  v e r t i c a l  
t a i l .  F o r   t h e   h o r i z o n t a l   t a i l   t h e   z e r o   d e g r e e  a.nd ten  degree  ca .ses  
ar2 p l o t t e d .  A t  h ighe r  a .ng le s  o f  a . t t ack  the  t empera tu re  d i f f e rences  
between the lower and upper  surfa .ces  increa.se  but  the a.mount of 
i n c r e a s e  i s  h i g h  f o r  t h e  u n c o o l e d  s t r u c t u r e  s i n c e  i n t e r n a l  r a . d i a -  
t i o n  h e a . t  t r a n s f e r  was no t  i nc luded .  
Hea.t t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  t a . i l  sur faces  a , re  pre-  
s e n t e d  i n  F i g u r s s  75 and 76 a.nd a.re a.bout the magnitude to be 
expected  based on  wing r e s u l t s  and  sweep a n g l e s .  The h e a t   t r a . n s f e r  
c o e f f i c i e n t  d a t a  were  used in  con junc t ion  wi th  the  r ecove ry  and w a l l  
t empera tu res  to  compute h e a t  l o a d s  t o  t h e  s u r f a c e s  a s  shown i n  T a b l e  
XXN . N o t e   t h a . t   f o r   t h e   h o r i z o n t a l  t a . i l  a. cha.nge  of  angle  of 
a . t t a .ck  f rom zero  to  ten  degrees  more than  doubles  the  hea . t  load  on 
one  s ide  of  t he  su r face  bu t  i nc rea . se s  t he  t o t a l  h e a t  l o a d  by only 
about  35%. 
The c h a r a c t e r i s t i c s  of convec t ive  coo l ing  sys t ems  fo r  t he  
t a i l  s u r f a c e s   a r e   p r e s e n t e d   i n  TableXXV. Systems  weights  were 
based on t h e  t o t a l  h e a t  l o a d s  and a.s such  a.re s0mewha.t o p t i m i s t i c  
I n  a.n a . c t u a l  i n s t a , l l a t i o n  the  cool ing  sys tem f o r  each s ide  of t h e  
s u r f a c e  would have t o  be s i z e d  t o  h a n d l e  t h e  ma.ximum hea.t 1oa.d 
expected  during  the  extreme  of   control   motion.  For t h e  d a t a .  pre-  
s en ted  the  l o o  a.ngle of atta.ck was assumed although i n  p r a c t i c e  
g rea t e r   a .ng le s   o f   a t t ack   migh t  be r equ i r ed .   In   a .dd i t i on ,  a. t echnique  
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TABLE XXIV 






( J%zree ) 
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Heat Load. B T U h  
T, = 200 F 
11.65 x l o 6  
26.3 x 10 6 
11.65 x 10  6 
3.51 x 10  6 
22.40 x 10 6 
T =40O0F 
W 
9.81 x l o 6  
23.4 x 10  6 
9.81 x 10 6 
2.86 x 10 6 
18.60 x 10 6 
TABLE X X V  
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1. Hydrogen Inlet Temperature is 400°F 
2. Coolant A T  for 200’F Wall is 150°F 
3. Coolant A T  for 400°F Wall is  20O0F 
f o r  d i s t r i b u t i n g  t h e  c o o l a n t  i n  p r o p o r t i o n  t o  t h e  h e a t  l o a d  on t h e  
two s ides  of each  surfa.ce would be   des i r ab le .  The weight  estima.tes 
for the v e r t i c a l  t a i l  a r e  a l s o  s0mewha.t o p t i m i s t i c  s i n c e  o n l y  t h e  
zero  degree  case  was considered.  
In  order -  to  reduce  hydrogen  f low requi rements ,  hea . t  sh ie lds  
on t h e  t a i l  s e c t i o n  ma.y be d e s i r a b l e .  S i n c e  b o t h  s i d e s  o f  t h e  
t a . i l  surfa.ces must be designed t o  h a n d l e  t h e  maximum hea.t loa.d, 
hea.t s h i e l d s  a re  necessa . ry  on b o t h  s i d e s  o f  e a c h  o f  t h e  t a i l  sur- 
f a c e s .  A s  a r e s u l t   o f   p r e s e n t  day   manufac tur ing   l imi ta t ions   hea t  
s h i e l d s  were not  used  on t h e  f i r s t  i v e  f e e t  of t a i l  s u r f a . c e s .  
Ba.sed on a u n i t  w o i g h t  of' 1.1 l b / f t  , the  hea. t  shield weights  a . re  
2080  and  2040  pounds for t h e  h o r i z o n t a l  and v e r t i c a l  t a i l s  r e s p e c -  
t i v e l y .  F o r  a. hor izonta .1  t a . i l  a . t  10' a,ngle   of   a t tack  the  convec-  
t ive  cool ing  sys tem weight  wi th  heat s h i e l d s  i s  960 pounds f o r  a 
water   glycol   system  and 1160 pounds f o r  a s i l i cone  sys t em.  Whereas 
the  ver t ica .1  ta . i l  convec t ive  cool ing  sys tem weights  a re  870  pounds  
a.nd 960 p m n d s  f o r  a water  g lycol  sys tem and s i l i cone  sys t em 
r e s p e c t i v e l y .  
8 
Tra .nsp i ra , t ion  f low ra . tes  for  the  ta i l  sur fa .ces  a re  summa.r- 
i zed  in  Tab le  XXVIfor hydrogen a.nd w a t e r  c o o l a n t s .  A s  would  be 
expected the hydrogen f low ra . tes  are  much lower tha.n the wa.ter 
f low  ra . tes .   For   bo th   coola .n ts   the   f low  ra te   requi rement   decreases  
as  the  ex te rna l  t empera . tu re  o f  t he  t a . i l  s u r f a c e  i s  increased .  T a i l  
sur face  cool ing  sys tem weights  a . re  summa,rized i n  T a b l e  XXVII. The 
u s e  o f  h y d r o g e n  a s  t h e  t r a n s p i r a n t  r e s u l t s  i n  much lower system 
weights   than when water  i s  used. A s  was  obse rved  in  the  wing  s tudy ,  
of  Reference  12,  opera.tion of' t h e  e x t e r n a l  s u r f a c e  o f  t h e  t r a n s p i r a -  
t i o n  c o o l e d  s t r u c t u r e  a . t  higher temperatures reduces system weight 
very markedly. 
B. STRUCTURAL WEIGHTS 
The empennage assembly  cons is t s  of a. f i x e d  v e r t i c a l  t a i l  wi th  
rudder  and an  a l l -moveable  hor izonta l  t a i l  w i t h  t r a i l i n g  edge  f l aps .  
Preliminary weight estima.tes were ma.de for  the cooled and uncooled 
s t r u c t u r e s  u s i n g  t h e  t a i l  surface planforms shown i n  F i g u r e  77 and 
t h e  o v e r a l l  a i r c r a f t  c h a r a , c t e r i s t i c s ,  b u t  w i t h o u t  d e f i n i t i o n  of  t h e i r  
s t r u c t u r a l   a r r a n g e m e n t s .  From t h e  t a . i l  surfa.ce  planforms  the  area.s 
were c a l c u h t e d  a s  f o l l o w s :  
Vertica.1 T a . i l  - 911 F t 2  
H o r i z o n t a l   T a i l  - 1,112 F t 2   ( b o t h   s i d e s )  
For  conputat ion of' we igh t s  t he  ve r t i ca .1  t a i l  a r ea  does  no t  
i n c l u d e  t h e  p\a,rts w i th in  the  fuse l a .ge  a.s shown i n  F i g u r e  77 wherea.s 
f o r  hea.t 1oa.d ca . lcu la t ion  i t  does   inc lude  these p a r t s .  This i s  
c o n s i s t a n t  w i t h  the procedure used f o r  t h e  f u s e l a g e .  
Approximate weight estimates were obtained by a.ssuming tha t  
t h e  t a i l  s u r f a c e s  had abou t  t he  same ave rage  we igh t  pe r  un i t  area 
a s  t h e  wing  surfa.ce,   Reference12. From Table X X I X  of Rsference 12,, 
TABLE XXVI 
TRANSPIRATION FLOWRATE SUMMARY FOR TAIL SURFACES* 
- ~~ 
Location 
Horizontal  Tail 
Horizontal  Tail 
Vertical  Tail 
HorizontaI Tail 
Horizontai  Tail 






































TRANSPIRATION SYSTEM - SUMMARY FOR TAIL SURFACES 
Surface 
Horizontal 











































































* Extrapolated  from  Data at  Lower  Temperatures 
'ounds 











































Vertical  Tail 
with  fuselage A 
L A 5 0  \ 
Approx. intersec tion-1 7 31.2 
Horizontal T a i l  
- 
t/c = 6.0% 
Approx. intersection-, x\, , 
with  fuselage 
FIGURE 77 GEOMETRY OF TAIL SURFACES 
( Dimensions in feet ) 
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t h e  a v e r a g e  s t r u c t  r a l  we igh t  pe r  un i t  area of the cooled aluminum 
wing i s  4.18 l b / f t  8 . On th i s  b a s i s  the h o r i z o n t a l  t a i l  weight i s  
approximately 4,650 pounds  and t h a t  o f  t h e  v e r t i c a l  t a i l  i s  3,810 
pounds for a t o t a l  empennage s t r u c t u r a l  w e i g h t  of 8,460 pounds. It 
wa.s f u r t h e r  assumed t h a t  t h e  w e i g h t  of t h e  t i t a n i u m  was t h e  same 
a.s f o r  t h e  aluminum t a . i l .  
I n  a d d i t i o n  t o  t h i s  e s t i m a t e ,  t h e  method of  Reference 23 
was used t o  c a l c u l a t e  t h e  t a i l  s u r f a c e  w e i g h t s .  T h i s  method u s e s  
a s e r i e s  of empir ical  expressions der ived from a s t a . t i s t i c a . 1  s t u d y  
to  de t e rmine  the  we igh t s  of vehicle components i n  a computer  rout ine 
whose main o b j e c t  i s  t o  o b t a i n  a . c o m p l e t e  v e h i c l e  w e i g h t  e s t i m a t e .  
U s i n g  t h e  o v e r a l l  a . i r c r a f t  c h a r a c t e r i s t i c s  and t h e  t a i l  d i m e n s i o n s ,  
s t ruc tu ra .1  we igh t s  of 5,470 pounds and 3,940 pounds were predicted 
f o r  the  h o r i z o n t a l  a.nd v e r t i c a l  t a i l  s u r f a c e s  r e s p e c t i v e l y .  The 
t o t a l  w e i g h t  of t h e  empennage of  9,410 pounds i s  approximately 1000 
pounds g rea t e r  t han  the  we igh t  e s t ima te  ba.sed  on u n i t  wing weights 
a s  shown i n   T a b l e  X X V I I I .  
For t h e  u n c o o l e d  t a i l  s u r f a c e s  t h e  c o n s t r u c t i o n  m a . t e r i a 1  
was a.ssumed t o  be Inconel 718 and t h e  o p e r a t i n g  t e m p e m t u r e  w3.c 
assumed t o  be 1000F. A u n i t   w e i g h t   f o r   t h e  -wing of 4.5 l b / f t  2 
w.39 obtained from Figure 140 of  Reference 12 . With t h i s  u n i t  
weight , the weight  of  t h e  h o r i z o n t a . 1  t a i l  was  e s t ima ted  a s  5,010 
pounds  while t h a . t  f o r  t h e  v e r t i c a . 1  t a i l  wa.s 4,100  pounds. The 
t o t a l  empenna.ge weight was 9,110 pounds. These weights along w i t h  
t h o s e  f o r  t h e  c o o l e d  t a i l  s u r f a c e  s t r u c t u r e s  a r e  summarized i n  
Ta.ble X X V I I I .  When compared t o  t h e  s t r u c t u r a . 1  w e i g h t s  for t h e  
cooled t a i l  of 8,460 pounds  and  9,410  pounds the  weight  of  the  
uncooled t a i l  a p p e a r s  t o  be  rea.sonable. The method  of  Reference 
i s  r e s t r i c t e d  t o  c o o l e d  a i r f r a m e  s t r u c t u r e .  
23 w3.s  no t   used   for   the   uncooled  t a . i l  su r f ace  s ince  tha . t  method 
C .  TAIL SURFACE SUMMARY 
The r e s u l t s  o f  t h e  two preceding  subsec t idns  a . re  summa.rized 
i n   T a b l e  X X I X  and provide a. compa.rison  of the   weights  of cooled 
and  uncooled t a . i l  concepts .  The uncooled  a.pproa.ch r e s u l t s   i n   t h e  
lowest  weight,  9110 pounds. The convec t ive ly   cooled   approaches   a re  
somewhat hea.vier; 12,330 pounds a.nd 12,810 pou.nds r e s p e c t i v e l y  
f o r  t h e  w a t e r  g l y c o l  clsoled  aluminum a l l o y  a n d  s i l i cone  coo led  
t i t an ium a .pp roaches  fo r  a.n u n s h i e l d e d  t a . i l  a.nd 14,400 pounds  and 
14,300 pounds f o r  t h e  wa.ter glycal. cooled aluminum alloy and s i l i -  
cone  coo led  t i t an ium a l loy  fo r  a. s h i e l d e d  t a i l .  The .   t ra .nsp i ra t ion  
cooled concepts were more tha.n twice as heavy as  the  uncooled  con- 
cep t .   A l though   t he   r e l a t ive   r ank ing  o f  the  systems i s  considered 
va l id  ca re  shou ld  be  exe rc i sed  in  us ing  the  da t a  quan t i t a , t i ve ly  
because of the  a.pproximations ma,de in   the   a .na , lyses  a.s p rev ious ly  
d iscussed .   S ince   t a . i l   sur fa .ce   weights   represent   on ly   a .bout  10% of 
t h e  t o t a l  a . i r f r a m e  w e i g h t  e v e n  r e h t i v e l y  l a . r g e  e r r o r s  would n o t  
s i g n i f i c a n t l y  i n f l u e n c e  p r e d i c t i o n s  o f  t o t a l  a , i r f r a . m e  w e i g h t .  
TABLE XXVIII 
WEIGHT OF TAIL  STRUCTURE 
Cooled 7075-T6 a t  200 O F 
I Horizontal Tail 





3,940 I Total  Tail Weight,  lb Unit  Weight 
Uncooled Inconel 718 at 1000 F (No heat shield or cooling system weight) 
Horizontal 
Tail 
I Method I Weight,  lb 





Total  Tail 





COMPARISON  OF  COOLED AND UNCOOLED  TAIL  SURFACES 
Cooling Required ' 
Vert ical   Tai l ,  0' 
Concept 
Water  - Glycol  Convection,  Aluminum  Alloy, 200°F 5,780 3,810  1,970 0 11,630 
Silicone  Fluid  Convection,  titanium  Alloy, 400°F 7,590 0 1,730 
4,100  4,100 0 0 0 Uncooled,  Inconel 718 
18,630  3,810  1,920  12,900 0 Water  Transpiration,  Aluminum  Alloy 
10,320  3,810  3,910  2,600 0 Hydrogen  Transpiration,  Aluminum  Alloy 
5,540  3,810 
, Hydrogen Total   Structure  System Coolant 
Flow 
lb lb  lb  lb lb/hr 
Weight  Weight,  Weight,  Weight, 
Horizontal  T.ail, 10' 
Concept 
Water  - Glycol  Convection,  Aluminum  Alloy, 200°F 
Silicone  Fluid  Convection,  Titanium  Alloy, 400'F 
Hydrogen  Transpiration,  Aluminum  Alloy 
Water  Transpiration, .Aluminum  Alloy 













4,650 2,140 0 
4,650  2,380 
3,42 0 
4,650  2,160  12,600 










VEHICLE INTEGRATION STUDIES 
I n  o r d e r  t o  assess the  po ten t i a .1  use fu lness  o f  coo led  a . i r -  
f rame concepts  for  a hype r son ic  t r anspor t  i t  i s  necessa ry  to  con-  
s ider  the wei-ghts  of  such systems a.s  compared t o  uncooled  s t ruc ture ,  
a.nd t h e   i n t e m c t i o n   w i t h   t h e   p r o p u l s i o n   s y s t e m .  I n  the   p reced ing  
s e c t i o n s  a va.riety of cooled conepts were exa.mined for t h e  f u s e l a g e  
and t a . i l  s u r f a c e s  o f  a. h y p e r s o n i c   t m n s p o r t .  Cooled  wing  concepts 
were s tud ied   in   Reference  1 2 .  I n   t h i s   s e c t i o n   t h e s e   r e s u l t s   a r e  
combined t o  d e f i n e  t h e  c h a m c t e r i s t i c s  o f  a.n i n t e g m t e d  c o o l e d  
a i r f r a a e .  The weights a.nd hydrogen  flow  requirements of' t h e  
va r ious  concep t s  a re  summa.rized so t h a . t  each ca.n be esralua.ted wi th  
r e s p e c t  t o  t h e  h e a . t  c a . p a c i t y  r e m a i n i n g  f o r  e n g i n e  c o o l i n g  a.s w e l l  
a.s t o   t he   we igh t ' a . s soc ia t ed   w i th   t he   concep t .  The comparison i s  
based on a s e l e c t e d  , d e s i g n  p o i n t  c o r r e s p m d i n g  t o  a. speed of  M3ch 
6 and  an a l t i t u d e  of' 100,000 fee t .  S ince  ma tch ing  o f  fue l  flow 
ra. te a.nd coola.nt  requirement i s  of  pr imary importance,  prel iminary 
system weights and cool ing  rzqui rements  a . re  es t imated  for  the  
e n t i r e  c r u i s e  p a r t i o n  of  f l i g h t  by extra,pola.t ing from the chosen 
d e s i g n   p o i n t .   I n   a . d d i t i o n ,   t r a d e o f f s  of  system  wzights  and  coolant 
f low ra . te  requi rements  a re  presented  and  prac t ica l  cons idera t ions  
p e r t i n e n t  t o  t h e  v a , r i o u s  c o n c e p t s  a r e  d i s c u s s e d .  
The r e s u l t s  of i n t e g r a t i n g  t h e  w e i g h t  and  f lo j J  r a t e  r equ i r e -  
ments for  the complete  a . i r f ra .me a . re  presented i n  Table XXX f o r  t h e  
cooled a.nd uncooled  concepts.   Fuselage  weight and f l o w   r a t e  
requirements  a.re  those computed i n  S e c t i o n  7. T a i l  surfa.ce  weight 
a.nd flow rate requirements were obtained from Section 8 a.ssuming 
am a.ngle o f  a t ta .ck  of  loo for the   hor . izonta .1  t a i l .  Cooling  system 
weight and flow ra te  requirements  f o r  t h e  wing were obtained from 
Reference 1 2  a.nd were  cor rec ted  to  e l imina . te  dupl ica . t ion  of i t ems  
in  the  reg ion  where  the  wing  and f u s e l a g e  o v e r l a p  a s  shown i n  
Table X X X I .  S t r u c t u r a l   w e i g h t s  for the   cooled  and  uncooled 
s t r u c t u r e s  were n o t  cha.nged. The cor rec t ions   were  made t o  t h e  
wing da.ta  beca.use t h e  f u s e l a g e  r e s u l t s  a r e  c o n s i d e r e d  n o r e  a . c c u r a . t e  
i n  as  much a s  t h e  f l o w  b e g a n  a t  t h e  n o s e  w h e r e a s  f o r  t h e  wing 
a n a l y s e s   t h e   f l o w   s t a r t e d   a . t  the? 1ea .d ing   edge .   In   addi t ion ,   the  
hydrogen flow rate required for cooling of the pa.ssenger compa.rt-  
ment  and for removing equipment hea.t loads were incorpomted i n  t h e  
hydrogen  f low  ra te   tabula . ted  for   the  wing.   Transpira , t ion  cool ing 
i s  t h e  h e a v i e s t  of  the cooled concepts  b u t  has  the advanta ,ge of  
n o t  r e q u i r i n g  a.ny of   the   hea . t   ca .pa .c i ty   f rom  the   fue l .  The convec- 
t i v e l y  c o o l e d  aluminurn a l l o y  c o n c e p t s  a . r e  s l i g h t l y  l i g h t e r  i n  w e i g h t  
tha.n the  cooled  t i t an ium concepts  b u t  r e q u i r e  much higher hydrogen 
f l o w   r a t e s .  Both  of   the  convect ively  cooled  concepts   a . re   compet i -  
t ive  weight  wise  wi th  the  uncooled  s t ruc tura .1  concept .  
Althbugh the t ra .nspira . t ion cooled concepts  do n o t  d e t m c t  
f rom the  hea t  capac i ty  of' t h e  f u e l  and t h e r e b y  p e r m i t  t h e  t o t a l  
f u e l  h e a t  c a p a c i t y  t o  be used  for  engine  cool ing  purposes ,  the  
weights, between 198,000 and 221,000 pounds, a r e  much h i g h e r  t h m  
fo r  t he  convec t ive  concep t s  where  weights  ra,nge  from l50,OOO pounds 
t o  154,000 pounds.   Furthermore,   no  provision was ma,de i n  t h e  w e i g h t s  
TABLE XXX 
SUMMARY OF COOLED AND UNCOOLED AIRFRAME CONCEPTS (MACH 6,  100,000 FEET) 
1 Fuselage I Tail  Surf ces 
I
Hydrogen 
Weight, Weight, rate 
Flow- 
Concept lb lb/hr lb 
Aluminum,Alloy Cooled to 200°F (1) 
1. Hydrogen Transpiration (7) 
3. Convection,  Water Glycol (2) 
33,500 0 138,740 2. Water  Transpiration (7) 
19,800 0 130,YOO 
a. No Heat  Shields 
14,400 20,840 101,920 c. Heat Shields  B (5) 
14,400  44,030 99,000 b.  Heat  Shields A (4) 
12,810 70,800 99,025 
Titanium Alloy  Cooled to 400'F 
1. Convective,  S licone  Fluid (3) 
a. No Heat  Shields 
14,300  13,040 102,530 c.  Heat  Shields B (5) 
14,300 27,580  00,1 0 b. Heat Shields A (4) 
12,330 45,790  98 76
Uncooled 
a. No Heat  Shields 
9,110 0 113,850 c. Heat  Shields  B (5) 
9,110 0 106,650 b.  Heat  Shields A (4) 




















































218,870  (1) 
149,635  (1) 
153,140 (1) 






















(1) Use of sealed foam insulation would reduce weights of aluminum alloy structure about 12,000 lb. 
(2) Hydrogen outlet  temperature  is 150'F. 
(3) Hydrogen outlet  temperature is 300'F. 
(4) Heat shields where temperatures exceed 1000'F on fuselage, lower wing surface and both sides of tail. 
(5) Heat shields where temperatures exceed 800°F on fuselage? lower wing surface and both sides of tail. 
(6) Cooling system weight, heat shield weight, and flowrates have been reduced to account for the overlap of the wing and fuselage. 
(See  Text and Table XXXI). 
(7) High temperature  transpiration  system. 
TABLE XXXI 
SUMMARY OF WING WEIGHT AND FLOWRATE REDUCTIONS RESULTING 
FROM OVERLAP WITH FUSELAGE 










Heat  Shields, A 
























71,100  24,100 
31 ,500   12 ,100(~)  











Heat  Shields, A 










8,870(3)  17, 0  
15,400 
Uncooled 41,300 - I  - 
(1) Reduction to  account  for  overlap  region of fuselage and wing. 
(2) Fuselage  does not include heat  shields at overlap  region  for  configuration A. 
(3) Includes a reduction  for  the  fuselage  section to account for  the  decreased  heat flow as a result 
of adding  heat shields. 
f o r  t h e  t r a n s p i r a t i o n  c o o l e d . c o n c e p t s  t o  account  f o r  t h e  a d d i t i o n a l  
volume requ i r ed  for s to r ing   t he   t r ansp i r an t .   Fo r   t he   hydrogen  
t r ansp i r a t ion  concep t ,  t h i s  we igh t  i nc remen t  would  be  about 2500 
pounds but for t h e  water t r ansp i r a t ion  concep t  t he  inc remen t  would 
be very small s ince  the  requi red  water  could  be  s tored  wi th in  the  
wings of' t h e  a i r c r a f t .  
With r e s p e c t  t o  t h e  w a t e r  g l y c o l  c o n v e c t i v e  c o o l i n g  s y s t e m s  i t  
should be noted tha. t  the addi t ion o f  h e a t  s h i e l d s  i n c r e a s e s  w e i g h t  
s l i g h t l y  b u t  subs t a .n t i a l ly  r educes  coo la .n t  f l ow ra t e  r equ i r emen t s .  
The hydrogen  flow  ra.te  requirements  summarized  in  Ta.ble XXX f o r  
t he  wa te r  g lyco l  convec t ive  sys t ems  assume tha.t the hydrogen i s  
heated from -400F t o  + l,5OF, a ma.ximum tempera ture  leve l  which  i s  
c o n s i s t e n t  w i t h  t h e  mea.n a. irfra.me  tempemture  of  200F. The "An 
ve r s ion  o f  t he  sh i e lded  convec t ion  sys t em u t i l i zed  hea t  sh i e lds  on 
the  lower  su r face  of' t h e  wing ,  the  ta . i l  sur fa .ces ,  and t h e  forwa.rd 
p o r t i o n  of' the f 'usela.ge where maximum su r face  t empera tu res  would 
exceed lOOOF whi le  the  IBn ver s ion  assumed  hea.t s h i e l d s  on t h e  
lower  surfa .ce   of   the   wing,   the  t a . i l  s u r f a c e s ,  a,nd 0-rer t h e  forward 
a.nd s i d e  p o r t i o n s  af' the  fuse lage  where  ma.ximum su r face  t empemtures  
~ o u l d  exceed 8 0 0 ~ .  The more ex tens ive   u se  of  hea . t   sh ie lds   decreased  
coolant requirements from 144,920 l b / h r  t o  66,230 l b / h r  a t  t h e  c o s t  
o f   an   add i t iona l  4500 pounds.  In a l l  cases   the  forward 5 f e e t   o f  
the wing including the 1ea.ding edge was assumed t o  be unshielded 
because  of  the  space  l imi ta t ions  which  m i g h t  make i n s t a l l a t i o n  o f  
h e a t   s h i e l d s   q u i t e   d i f f i c u l t .   D e t a i l e d   d e s i g n   s t u d i e s   h o u l d  b? 
conducted t o  d e t e r m i n e  t h e  t r u e  e x t e n t  t o  which  hea.t  shields  can 
be  used on the  lower  sur face  of  the  wing  s ipce  t h i s  c o u l d  s i g n i f i -  
ca .nt ly  reduce cool ing system heat  loads and caola .n t  f low requi re -  
ments. 
The c o o l e d  t i t a n i u m  a l l o y  s t r u c t u r e  w i t h  i t s  400F tempera ture  
r e su l t s  i n  a i r f r ame  we igh t s  o f  be tween  l5O,OOO and 156,000 pounds 
which a r e  s l i g h t l y  g r e a . t e r  t h a n  t h o s e  p r e d i c t e d  f o r  t h e  aluminum 
a l l o y   s t r u c t u r e .  Hydrogen f low  r a t e   r equ i r emen t s   a r e  much l e s s ,  
however, p a r t l y  a s  a resu l t  o f  the  h igher  sur face  tempera ture  which  
decrea . ses  the  hea t  load  but  pr imar i ly  because  the  h i  h e r  s t r u c t u r a l  
t empera ture  permi ts  the  hydrogen  to  be  hea ted  f rom -+OOF F t o  + 3OOF. 
Therefore ,  each  pound of  hydrogen i s  capable  o f  a.bsorbing about 30% 
more h e a t  t h a n  w a s  t h e  c a s e  f o r  t h e  c o o l e d  a luminum a . l loy  s t ruc ture .  
The h i g h  e f f e c t i v e n e s s  o f  a d d i n g  h e a t  s h i e l d s  t o  t h e  e x t e r n a . 1  s u r -  
f a c e  o f  t h e  c o o l e d  t i t a . n i u m  a l l o y  s t r u c t u r e  i s  a. lso a.pparent;  hydro- 
gen f low rate  requirements  a . re  decreased from 98,900 l b s / h r  t o  
37,560 l b / h r .  f o r  a weight increase of a.pproxima.tely 6,000 pounds. 
In  comparing the t i tanium and aluminum s t r u c t u r e s ,  i t  should 
be noted tha.t the 200F tempera.tur-e of' the  cooled  aluminum a. l loy 
concepts  m i g h t  p e r m i t  s r a l e d  foam i n s u l a t i o n  t o  be  used f o r  t h e  
fue l   t anka .ge .  This would r e s u l t  i n  a weight  decrease  of  a.bout 
12,000 pounds which was n o t  c o n s i d e r e d  i n  t h e  t o t a l  w e i g h t  f i g u r e s  
of  Ta.ble XXX s i n c e  t h e  p r a c t i c a . l i t y  o f  t h i s  i n s u h t i o n  s y s t e m  h a s  
n o t  been demonstrated f o r  l o n g  t i m e  s e r v i c e  i n v o l v i n g  r e p e a t e d  
the rma l   cyc le s .   Neve r the l e s s ,   t he   we igh t   s av ing   po ten t i a l  of 
t h i s  c o n c e p t   w a r r a n t s   d e t a i l e d   s t u d y .   I n   a d d i t i o n   t o   t h i s  
. . "_ . 
p o t e n t i a l  w e i g h t  s a v i n g  o f f e r e d  by the  coo led  aluminum a l l o y  
approach, i t s  lower operat ing temperature  should offer  numerous 
secondary  benef i t s  i n  minimizing the complexity and we5ght of a 
var ie ty  of  subsystems such as the  envi ronmenta l  cont ro l  equipment  
a s s o c i a t e d  w i t h  the  pa.ssenger,   crew,  and  electronic  compartments.  
With s t a t e  of t h e  a r t  manufacturing methods an aluminum alloy 
s t r u c t u r e  h a s  t h e  a d v a . n t a g e  o f  e a s e  o f  f a b r i c a t i o n  a s  compared t o  
t i t a n i u m  or s u p e r a l l o y   m a t e r i a l s .   N e g l e c t i n g   t h e   c o m p l e x i t i e s  
wh ich  migh t  be  r equ i r ed  to  a l l ev ia t e  t he rma .1  s t r e s ses  fo r  t he  
uncooled  concept ,  the  d i f f icu l ty  of  fa .br ica . t ion  of  the  uncooled  
concept  and t i ta .nium structure  should be comparable .  
Severa.1 uncooled concepts a.re a. lso presented in Ta.ble XXX. 
The weight of the uncooled concepts ra.nged  from 154,000 pounds to 
l72,OOO pounds. The v a r i a t i o n  i s  s i m i l a r  t o  t h a t  o f  t h e  c o n v e c -  
t i ve ly  coo led  concep t s  i n  t ha t  hea t  sh i e lds  a re  used  ove r  va . r ious  
p o r t i o n s  o f  t h e  wing  and fuse l age .  Whi l e  add ing  to  the  we igh t  o f  
the  uncooled  concept  the  use  of  hea . t  sh ie lds  would s i g n i f i c a n t l y  
r e d u c e   t h e r m a l   s t r e s s e s  a.nd therma.1  deformations. It should  be 
noted t h a . t  t h e r m a l  s t r e s s e s  were neg lec t ed  in  e s t ima . t ing  the  we igh t s  
of the  uncooled  concepts.  However, t o   e s s e n t i a l l y   e l i m i n a . t e  
t h e r m a l  s t r e s s e s  some s t ruc tura .1  complexi ty  m u s t  be introduced.  
Whi l e  d ra . s t i c  i nc reases  in  we igh t  would n o t  be  expected even i f  h e a t  
s h i e l d s  a r e  n o t  u s e d ,  t e c h n i q u e s  f o r  a . l l e v i a t i n g  t h e r m a . 1  s t r e s s e s  
would undoubtedly a d d  some a .ddi t iona1  weight .  With the  uncooled 
concept a.11 o f  t h e  f u e l  f low ma.y be  used f o r  c o o l i n g  t h e  e n g i n e  
s t r u c t u r e .  
R e s u l t s  f o r  t h e  c o n v e c t i v e l y  c o o l e d  and the uncooled concepts 
a r e  p l o t t e d  i n  F i g u r e  78 and p r o v i d e a r n o r e  i l l u s t r a t i v e  c o m p a r i s o n  
of' the   system  concepts .  If' t h e  same Type of' i n s u l a t i o n  i s  u s e d   f o r  
t h e  f u e l  t a n k s  t h e  c o n v e c t i v e l y  c o o l e d  t i t a n i u m  s t r u c t u r a l  a p p r o a c h  
r e s u l t s  i n  l o w e r  w e i g h t  for a spec i f i ed   hydrogen   f l ow  r a t e .  This 
we igh t  d i f f e rence  i s  q u i t e  small, a.bout 2,000 pounds for  hydrogen  
f l o w  r a t e s  a.bove 60,000 l b s / h r  but  increa.ses  to  a .bout  6,000 pounds 
a t  hydrogen  flow ra.tes of 30,000 l b s / h r .  It should be noted t h a . t  
t h e  f u e l  f l o w  r a . t e  a t  t he  des ign  po in t  o f  M = 6.0 and 100,000 f e e t  
a.lti.tu.de i s  approximately 120,000 lbs/nr .  Also shown on t h i s  f i g u r e  
i s  a.n e s t i m a t e  f o r  t h e  aluminum a . l l oy  s t ruc tu re  convec t ive ly  coo led  
t o  29OF assuming  the  use  of  sea.led f0a.m t a n k  i n s u h t i o n .  If t h i s  
type of  insula . t ion can be success fu l ly  deve loped  the  use  o f  aluminum 
a l l o y  s t r u c t u r e  would r e s u l t  i n  s i g n i f i c a n t l y  l i g h t e r  w e i g h t s  t h a n  
could be obta.ined wi th  t h e  t i t a n i u m  a l l o y  c o n s t r u c t i o n  o v e r  t h e  
en t i r e   f l ow  r a t e   r ange   cons ide red .  It i s  also  obvious  f rom th i s  
f i g u r e  t h a t  the  cooled  concepts  a re  compet i t ive  weight  wise  w i t h  
the uncooled concept as long a s  f u e l  f l o w  r a t e s  o f  a t  l e a s t  60,000 
l b s / h r  a.re ava.i lable a . t  t he  des ign  po in t .  
In  add i t ion  to  the  comparison of the systems at the design point where 
t h e  a i r c r a f t  i s  climbing, it i s  of i n t e r e s t  t o  examine also the cool ing require-  
ments under the  s teady  s ta te  c ru ise  condi t ions .  A t  t he  start  of c r u i s e  a t  M = 6 ,  
t h e  a l t i t u d e  i s  102,120 f e e t ,  and the  fue l  f low ra te  i s  81,300 lb /hr .  A t  t he  end 
of c ru i se ,  t he  a l t i t ude  is  106,360 f e e t  and the  fue l  f low ra te ,  71,800 l b /h r .  In  
both instances the angle of a t t ack  i s  5.1°. Estimates of the cooling system heat 
loads and required hydrogen flow r a t e s  were made for both conditions,  and the 
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most c r i t i c a l ,  from the standpoint of hydrogen heat capacity used, was a t  t h e  
end of c ru ise .  The percentage of avai lable  and to ta l   hea t   capac i t ies   used  
for  cool ing the airf rame at th i s  f l i gh t  cond i t ion  a re  shown i n  Table XXXII. 
The avai lable  heat  capaci ty  i s  determined by the hydrogen temperature change 
d i c t a t ed  by the cooling system operating temperature levels. For the water- 
glycol system, the hydrogen AT is  550°, and fo r  t he  s i l i cone -based  f lu id  
system,  the  hydrogen AT is  70O0F. The maximum hydrogen AT ava i lab le   for  
cooling was assumed t o  b e  1800'F. For the water-glycol system then , 30.6% 
of t h e  f u e l  h a t  capacity was avai lable  for  cool ing the airf rame while  for  
the s i l icone system, 38.9% of  the fuel  heat  capaci ty  was ava i lab le  for  air- 
frame cooling. 
The r e s u l t s   i n  Table XXXI indica te  that the water-glycol system with- 
out heat shields requires a greater  heat  capaci ty  than i s  avai lable .  The 
aadi t ion of heat shields over the lower wing surface and tha t  po r t ion  of t h e  
fuselage where temperatures exceed 1000°F reduces the required heat capacity 
t o  84%% of  tha t  ava i lab le ,  and more extensive shielding ( 80OoF) reduces require- 
ments t o  61% of tha t  ava i l ab le .  For the higher temperature silicone system, 
none of the system variations require more heat capacity than i s  ava i lab le  for  
airframe cooling. For a l l  system, except the unshielded water-glycol system, 
which requires  more heat  capaci ty  than that  avai lable  for  a i r f rame cool ing,  
the  hea t  capac t ies  requi red  to  cool  the  to ta l  a i r f rame axe  less  than  38% of 
the  to t a l  fue l  hea t  capac i ty .  The remainder,  of  course, i s  ava i lab le  for  
engine cooling purposes. 
Another trend of major importance i s  t h a t  which e x i s t s  between the  
airframe weights and the  amount of  fuel  heat  capaci ty  which i s  requi red  for  
engine  cooling. This trend i s  p resen ted  in  f igu re  19. It w i l l  be  noted 
that  the weight  of the cooled concepts increases quite rapidly when  more than 
80% of the  fue l  hea t  capac i ty  is  required for engine cooling. When engine 
cooling requirements can be accomplished with less than 80% of the  fue l  hea t  
capaci ty ,  there  i s  l i t t l e   d i f f e r e n c e   i n   t h e  weight of aluminum a l l o y  or 
t i tanium alloy structures with water-glycol and s i l icone  f l u i d  systems 
r e spec t ive ly .  I f  as much as 90% of  the fuel  heat  capaci ty  i s  requi red  for  
engine cooling, very extensive heat shielding i s  required for  convect ively 
cooled airframe. In fact  , heat  shields  would have to  be  appl ied  over  
a lmost  the  en t i re  ex terna l  sur face  of an  aluminum a l loy  s t ruc ture .  With such 
extensive use of heat shielding and the sharp increase in weight which r e s u l t s  
therefmm, the.  cooled concepts are not nearly as a t t r ac t ive  wi th  r e spec t  t o  
the uncooled concept as when engine cooling requirements are below 80% of 
fuel  heat  capaci ty .  This  s i tuat ion could be changed q u i t e  d r a s t i c a l l y  i f  a 
sealed foam insulation system could be developed for use within an operating 
temperature range of up t o  200°F. 
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TABLE X X X I  I 
PERCENTAGE OF HEAT  CAPACITY  REQUIRED FOR AIRFRAME  COOLING, 
END of C r u i s e ,  M = 6.0, A l t i t u d e  = 106,360, a = 5.14" 
200°F MEAN  OUTER SURFACE 
TEMPERATURE, UNSHIELDED 
1000°F HEAT SHIELDING 
800°F HEAT SHIELDING 
400°F MEAN OUTER SURFACE 
TEMPERATUREs UNSHIELDED 
1000°F HEAT SHIELDING 

















































FOR Tw = 200" AVAILABLE HEAT  CAPACITY IS 30.6% OF TOTAL HEAT CAPACITY. 
FOR Tw = 400" AVAILABLE HEAT  CAPACITY IS 30.9% OF TOTAL  HEAT  CAPACITY. 

SECTION 10 
CONCLUSIONS AND RECOMMENDATIONS 
During the  c o u r s e  o f  t h e  s t u d y ,  t r a n s p i r a t i o n  a.nd convec t ive  
coo l ing  concep t s  were  examined  fo r  t he  fusehge  a.nd t a . i l  s u r f a c e s  
of a hype r son ic   t r anspor t   a i r c ra f t .   Coo la .n t s   i nc luded   hydrogen ,  
heiium,  and  water.  For the  cooled  systems  the  ra .nge of tempera , tures  
considered permit ted comparison of a.luminum a l l o y  and t i t a n i u m  a l l o y  
s t r u c t u r e s  w h i l e  s u p e r a l l o y  c o n s t r u c t i o n  was .examined f o r  a.n uncooled 
concep t .   Hea t   sh i e lds  a,nd r a d i a t i o n   b a r r i e r s   w e r e   c o n s i d e r e d   i n  
o r d e r  t o  r e d u c e  t h e  h e a . t  f l o w  t o  t h e  c o n v e c t i v e l y  c o o l e d  s t r u c t u r e s .  
In  a .dd i t ion ,  t he  we igh t  and i n s u l a . t i o n  r e q u i r e m e n t s  f o r  t h e  c r y o g e n i c  
fuel  ta.nks  were  examined so t h a . t  r e a l i s t i c  t o t a . l s  c o u l d  b e  e s t i m a . t e d  
for  the  complete  fuselage  and  ta. iL.  These  values  were  combined  with 
r e s u l t s  o b t a i n e d  d u r i n g  a. previou 's  s tudy of  t h e  wing s t r u c t u r e  i n  
o r d e r  t o  e s t i m a . t e  t o t a l  w e f g h t s  f o r  t h e  c o m p l e t e  a i r f r a m e .  The cooled 
concepts  were  compared among themselves and w i t h  the uncooled concept 
on t h e  b a s i s  o f  s t ruc tura .1  weight ,  cool ing  sys tem weight ,  a.nd coola.nt 
weight .  The r e s u l t s   o f   t h e   a n a . l y s e s  and  comparisons  lead  to   the 
c o n c l u s i o n s  p r e s e n t e d  i n  t h i s  s e c t i o n .  
In  r ev iewing  these  conc lus ions  i t  must  be remembered t h a t  f o r  
t he  convec t ive  coo l ing  sys t ems  the  hydrogen  fue l  was a,ssumed t o  p r o -  
v ide   an   adeqmte   hea t   s ink .   The re fo re ,   no   we igh t s  f o r  expendable 
coo lan t  were  inc luded  in  the  to t a .1  we igh t s  o f  convec t ive ly  coo led  
concep t s .  This  ba.sic  assumption h a d  two s i w i f i c a n t  i n f l u e n c e s  on 
t h e r e s u l t s .  Firs t ,  no rma l ly   expec ted   o rde r   o f   coo l ing   e f f ec t iveness  
was  cha,nged  from t r a n s p i r a t i o n  and  convec t ion  to  convec t ion  a.nd t ra .ns -  
p i n t i o n .  Second,   the  normally  expected  opt imizat ion of convec t ive  
cool ing system weight  as a t r adeof f  be tween  the  we igh t s  o f  i n su la t ion  
and  expandable  coolant i s  of  no  s igni f ica .nce .  
The primary conclusion reached a s  a. r e s u l t  o f  t h i s  s tudy  i s  
t h a t  t h e  w e i g h t  of a c o o l e d  a i r f r a m e  s t r u c t u r e  f o r  a hypersonic  
t r a n s p o r t  a i r c r a f t  c a n  be e q u a l  t o  or l e s s  t h a n  t h e  w e i g h t  o f  a n  
uncooled  a i r f rame for t h e  same mission.   Furthermore,  i t  i s  expected 
t h a t  a d d i t i o n a l  w e i g h t  b e n e f i t s  w i l l  a r i s e  f r o m  t h e  l o w e r  i n t e r n a l  
t empera tu re  a s soc ia t ed  w i t h  a cooled airfra.me inasmuch a s  sub-system 
requirements   could be s impl i f i ed .   Cons ide r ing   p re sen t   day   t echno logy ,  
an a.luminum a , l l o y  s t r u c t u r e  ha.s the  a .dvanta .ge  of  ease  of  fabr ica t ion  
a s  compared t o  e i t h e r  t i t a n i u m  o r  s u p ' e r a l l o y  w i t h  t h e i r  more soph i s -  
t i c a . t e d   f a . b r i c a t i o n   p r o c e s s e s .   S i n c e   d e t a . i l e d   s t u d i e s   o f   s u b s y s t e m  
were  not  conducted , f i rm conclus ions  can  not  be  made w i t h  r e s p e c t  t o  
t h i s   a . s p e c t .  The pena . l t y   fo r   ob ta in ing   t he   r educed   we igh t s  a.nd 
poss ib l e  subsys t em and  f ab r i ca t ion  advan tages  of t he  coo led  concep t s  
i s  the mecha.nica1 complexi ty  associated w i t h  such systems and of the 
need t o  u t i l i z e  a. p o r t i o n  of t he  fue l  hea . t  ca .pac i ty  fo r  a . i r f r ame  coo l -  
i n g   p u r p o s e s .  The weights   of   the   cooled  a . i r f rame  concepts   decrea.ee 
a . s  the  percentage  o f  f u e l  h e a t  c a p a c i t y  a . v a . i l a b l e  f o r  a . i r f r a m e  cool- 
i n g  i n c r e a s e s  and the cooled concepts  a . re  competi t ive w i t h  uncooled 
concepts  when a t  l e a s t  15% o f  t h e  f u e l  h e a . t  c a p a c i t y  i s  a v a i l a b l e  
f o r  a i r f r a m e  c o o l i n g .  
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A number of more s p e c i f i c  c 3 n c l . u s i o n s  c a n  a l s o  b e  drawn w i t h  
r e s p e c t   o   t h e   o v e r a l l   a i r c r a f t .   T h e s e   i n c l u d e :  
1. C o n v e c t i v e l y   c o o l e d   c o n c e p t s   y i e l d   l o w e r   a i r c r a f t   w e i g h t s  
2. T i t a n i u m   a l l o y   s t r u c t u r e   c o n v e c t i v e l y   c o o l e d  t o  400F i s  
t h a n  t r a n s p i r a t i o n  c o o l e d  c o n c e p t s .  
s l i g h t l y  l o w e r  i n  w e i g h t  a n d  r e q u i r e s  a l e s se r  hydrogen  flow- 
r a . t e  t han  does an  aluminum a l l o y  s t r u c t u r e  c o n v e c t i v e l y  
c o o l e d  t o  200F. 
3. The u s e  of the   l ower   t empemture   coo led  a.luminum a l l o y  
s t r u c t u r e  ma,y p e r m i t  t h e  u s e  of an  in su la t ion  sys t em concep t  
n o t  a p p l i c a b l e  at h i g h e r  t e m p e r a t u r e s ,  i n  w h i c h  c a s e  t h e  
aluminum a l l o y  a.pproa.ch  would  be s i g n i f i c a n t l y  l i g h t e r  t h a n  
t h e  t i t a n i u m  a . l l o y  a p p r o a c h .  
4. An unshie lded   a luminum  a l loy   a i r f rame  ca .nnot   be   cooled   to  
5. H e a t   s h i e l d s  ca.n b e   u s e d   t o   s i g n i f i c a n t l y   r e d u c e   h y d r o g e n  
200F w i t h  t h e  e n g i n e  f u e l  flow a v a . i l a , b l e  w i t h  t h i s  - a . i r c r a . f t .  
f l ow- ra t e  r equ i r emen t s  f o r  convec t ive ly  coo led  concep t s  w i th  
l i t t l e  w e i g h t  p e n a l t y .  
6. The u s e  of  ex te rna .1   hea . t   sh i e lds   ove r   t he   mare   s eve re ly  
h e a t e d  p o r t i o n s  o f  t h e  a . i r c r a f t  c a n  r e d u c e  h y d r o g e n  c o o l a n t  
requi rements  to  be tween 30 and 60% o f  t h e  e n g i n e  f u e l  f l o w  
d u r i n g  t h e  c r u i s e  r e g i m e .  
7. 
8 .  
9. 
The weight  of convec t ive ly  cooled  concepts  depends  upon t h e  
pe rcen tage  o f  t o t a .1  fue l  hea t  capac i ty  wh ich  i s  a v a i l a b l e  
for airf ' ra .me  cool ing  purposes .   Cooled  a . i r f ra .me  system 
weight  increases  s lowly  a.s t h e  a v a i l a b i l i t y  o f  f u e l  h e a t  
capac i ty  dec reases  f rom abou t  35 t o  20% b u t  i n c r e a s e s  q u i t e  
r a p i d l y  a s  t h e  a v a i l a b l e  h e a t  c a p a c i t y  d e c r e a s e s  f r o m  15%. 
It i s  u n l i k e l y  t h a t  c o o l e d  3 i r f r a m e  c o n c e p t s  c o u l d  be  used 
f o r  t h e  c o n p l e t e  a i r c r a f t  u n l e s s  a t  l e a s t  15% of t h e  t o t a l  
f u e l  h e a t  c a p a . c i t y  wa.8 a .va . i lab le  for a . i r f r ame  coo l ing  
pu rposes .  
I f  a t  l e a . s t  15% of t h e  f u e l  hea.t  ca.pa.city i s  a .va . i lab le  for 
a. i r f ra .me cool ing and i f  t h e  sea.led f0a.m c r y o g e n i c  i n s u l a t i o n  
system i s  pra .c t ica .1  f o r  t h e  cooled  a luminum a i r f rame s t ruc ture  
t h i s  concept  would pe rmi t  a sh i e lded  and  convec t ive ly  coo led  
a.luminum a i r f ' m m e  s t r u c t u r e  t o  be approxima.tely 5% l i g h t e r  
tha.n a.n u n c o o l e d  s t r u c t u r a l  concept .  
The r e s u l t s  of t h e  a n a l y s e s  c o n d u c t e d  a l s o  p e r m i t  a. number 
o f  c o n c l u s i o n s  t o  be  drawn w i t h  r e s p e c t  t o  t h e  f u s e l a g e ,  c r y o g e n i c  
ta.nks,  a.nd t a i l  sur fa .ces .   These   a . re   l i s ted   be low:  
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1. 




Fuselage hea. t  1oa.ds  a . re  inf luenced by the type of f low 
assumed  on t he  u p p e r  s u r f a c e ,  wLth a. 175% d i f f e r e n c e  i n d i -  
cated between expanded a.nd nonexpanded flow assumpt ions .  
When c o m p a r i n g  o n l y  t h e  l o a d  c a r r y i n g  f u s e l a g e  s t r u c t u r e  
the  coo led  concep t s  a re  approx ima te ly  15% l i g h t e r  t h a n  t h e  
uncooled  concept .  However when weights   o f   cool ing   sys tem 
components, f u e l  t a n k s ,  a.nd i n s u l a t i o n  a . r e  combined  with 
s t r u c t u r a l  w e i g h t s  t h e  d i f f e r e n c e  i s  reduced s l x h  t h a t  t h e  
coo led  fuse l age  i s  o n l y . a b o u t  4% l i g h t e r  than  the  uncoo led  
f u s e l a g e .  
If a. sea.led foam i n s u l a t i o n  s y s t e m  ca.n be developed t o  
o p e r a t e  w i t h i n  t h e  200F envi ronment  assoc ia ted  with t h e  
cooled a.luminum a l l o y  f u s e h g e  t h e  o v e r a . 1 1  w e i g h t  would be 
about  12% l i g h t e r  t h a n  t h a t  of - the uncooled a . i r f ra .me.  
No weight  advantages  can  be  obta ined  f rom the  c ryogenic  
t a n k s  t h e m s e l v e s  r e g a r d l e s s  of' t h e  s t r u c t u r a l  c o n c e p t  u s e d  
f o r  t h e  f u s e l a g e  s i n c e  I n c o n e l  718 taqks  were  found t o  be 
s u p e r i o r  t o  t h o s e  f a b r i c a . t e d  f r o m  l o w e r  t e m p e r a t u r e  m a t e r i a l s .  
The use  o f  a s e a l e d  p l a , s t i c  foam i n s u l a t i o n  c o u l d  r e d u c e  
c ryogenic  tanka ,ge  insu la t ion  weight  by about  12,000 pounds. 
Such a.n i n s u h t i o n  s y s t e m  ma.y be p r a c t i c a l  i f  i n s t a l l e d  
w i t h i n  a. cooled a.luminum a . l l o y  a i r f r a m e  w h e r e  i n t e r i o r  
tempera. tures  do not  exceed 200F. 
Based on t h e  r e s u l t s  of t h e  s t u d y  a s  summa.rized  a,bove i t  i s  
p 9 s s i b l e  t o  i d e n t i f ' y  a r e a s  i n  w h i c h  f u t u r e  e f f o r t s  would  be  most 
p r o f i t a . b l e .  With r e s p e c t   t o   t h e   o v e r a l l   a . i r c r a f t   t h e   f o l l o w i n g  
recommendations 3re made: 
1. T r a n s i e n t   a n a l y s e s  of  convect ively  Cooled  systems  should  be 
c o n d u c t e d  t o  v e r i f y  t h a t  s u c h  s y s t e m s  a r e  a p p l i c a b l e  over 
t h e  e n t i r e  f l i g h t  r eg ime  espec ia l ly  du r ing  descen t  when f a e l  
f l o w  r a t e s  a . r e  low. 
2 .  TraJec tory   var ia t ions   inc luding   maneuvers   should   be  examined  
t o  a . s c e r t a i n  t h e  i n f l u e n c e  of t h e  d e s i g n  oc' c o n v e c t i v e l y  
cooled  systems.  
3.  Developrnent of  a s e a l e d   t a n k   i n s u l a t i o n   s y s t e m   s h o u l d   b e  
conducted  s ince  such  a s y s t e m  o f f e r s  a. l a r g e  p o t e n t i a l  
we igh t   s av ing .  
4. D e t a i l e d   e s i g n   s t u d i e s   s h o u l d   b e   c o n d u c t e d   f o r   c o n v e c t i v e l y  
c o o l e d  c o n c e p t s  i n  o r d e r  t o  v e r i f y  t h e  p r o m i s e  i n d i c a t e d  by 
i n i t i a l   s t u d i e s .   T h e s e  more d e t a i l e d   s t u d i e s   s h o u l d   i n c l u d e  
c o n s i d e r a t i o n  o f  c o s t  a s p e c t s  as  well  a s  subsys t ems  cons ide r -  
a . t i ons .  
I 
5. D e t a i l e d   e s i g n   s t u d i e s   o f   h e a t   s h i e l d   i n s t a l l a t i o n ,   p a r t i c -  
u la r ly   a round  1ea .d ing   edges ,   should  be  conducted.  
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6. A d d i t i o n a l   a i r c r a f t   c o n f i g u r a t i o n s   s h o u l d  be  examined with 
r e s p e c t  t o  c o o l e d  s t r u c t u r a l  c o n c e p t s  i n  o r d e r  t o  assess 
t h e  s e n s i t i v i t y  of c o o l i n g  c o n c e p t s  w i t h  r e s p e c t  t o  v e h i c l e  
conf igura . t ion  pa . ra .meters .  
7. E n g i n e   c o o l i n g   s t u d i e s   b a s e d  on a v a r i e t y  of coo l ing   sys t em 
concepts  should  be  conducted  to  provide  a basis  for a s s i g n -  
i n g  p e r c e n t a . g e s  o f  t h e  f u e l  h e a . t  c a . p a c i t y  t o  t h o s e  a i r c r a . f t  
systems which can use i t  t o  g r e a . t e s t  a.dva.ntage  ra.ther  tha.n 
a r b i t m r i l y  a . s s i g n i n g  m o s t  o f  t h e  f u e l  h e a . t  s i n k  c a p a c i t y  
t o  e n g i n e  c o o l i n g .  
I n  a d d i t i o n  t o  t h e  o v e r a l l  a i r c r a f t  s t u d i e s  j u s t  d e f i n e d  a 
number of' recommendat ions  of  more  spec ia l ized  scope  a re  l i s ted  
be low : 
1. Exper imenta l   eva lua . t ions  of t r a n s p i r a t i o n  and f i l m  c o o l i n g  
wi th  wa te r  shou ld  be conduc ted  to  pe rmi t  a more r e l i a b l e  
b a s i s  fo r  compar i son  w i t h  o t h e r  c o o l i n g  c o n c e p t s .  
2 .  Re l i ab i l i t y   s tud ie s   and   ana lyses   shou ld   be   conduc ted  on t h e  
va.r ious  types  of   cool ing  systems  and  should  include  examina-  
t i o n  o f  t h e  c o n s e q u e n c e s  o f  c o o l i n g  s y s t e m  f a i l u r e s  of  
va . r ious  types .  
3. F a . b r i c a t i o n   s t u d i e s   s h o u l d  be c o n d u c t e d   t o  e s t a b l i s h  manu- 
f a c t u r i n g  p r o c e d u r e s  r e q u i r e d  t o  p r o d u c e  u s a b l e  s t r u c t u r a l  
c o n f i g u m t i o n s  w h i c h  i n c o r p o m t e  p o r o u s ,  p e r f o r a . t e d  , a.nd/or 
c o n v e c t i v e l y  c o o l e d  e x t e r n a l  s u r f a c e s .  
4.  The i n f l u e n c e   o f   c o n t r o l   s u r f a . c e   d e f l e c t i o n s  on c o o l i n g  
sys tem des ign  and  per formance  should  be  inves t iga ted  by 
means o f  t r a n s i e n t  a n a . l y s e s .  
5. E f f o r t s   h o u l d  be directed  toward  the  improvement  o f  t heo -  
r e t i c a . 1  ca.pa b i l i t i e s   f o r   p r e d i c t i n g   t r a n s i t i o n   f r o m   l a m i n a r  
t o  t u r b u l e n t  f l o w ,  and f o r  p r e d i c t i n g  a.erodynamic  hea.ting 
under  expanded flow c o n d i t i o n s  t y p i c a l  o f  t he  uppe r  su r fa . ce  
of  the wing and fusela .ge.  
6. T h e o r e t i c a l  a.nd e x p e r i m e n t a l   s t u d i e s   s h o u l d  be   conducted   in  
the  a rea . s  of' f u s e l a g e / w i n g / t a i l  s u r f a . c e  i n t e r f e r e n c e  i n  
o rde r  t o  de f ine  1oca . l i zed  hea . t i ng  cond i t ions  wh ich  might 
cause  de t a i l ed  des ign  p rob lems .  
Assuming  the  success fu l  comple t ion  o f  t he  more c r i t i c a . 1  
s t u d i e s  recommended  a,bove, a. r e l a . t i v e l y  l a r g e  c o n v e c t i v e l y  c o o l e d  
s t r u c t u r e  s h o u l d  be Fabrica. ted  and  experimenta . l ly   evalua. ted under  
s i m u h t e d  h e a . t i n g  a.nd l o a d i n g  c o n d i t i o n s  i n  o r d e r  t o  d e m o n s t r a t e  
s y s t e m   o p e r a t i n g   c h a r a c t e r i s t i c s   a n d   r e l i a b i l i t y .  Such a s t r u c t u r e  
would a l s o   p r o v i d e   r e a l i s t i c   s y s t e m   w e i g h t  and c o s t   d a t a .   D e t a i l e d  
s t u d i e s  o f  l o c a l i z e d  a r e a s  s u c h  a s  n o s e c a p s ,  l e a d i n g  e d g e s ,  a n d  
e n g i n e  s t r u c t u r e s ,  might  i n d i c a t e  t h e  d e s i r a b i l i t y  o f  c o o l i n g  c o n -  
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c e p t s  o t h e r  t h a n  t h o s e  u s e d  f o r  t h e  m a j o r  p o r t i o n  of the a.irfra.me. 
If t h i s  i s  t h e  c a s e  r e l a t i v e l y  l a . r g e  c o o l e d  s t r u c t u r e s  of' appro- 
pr ia . te  types should a . lso be fa .br icated a.nd experimental ly  evalua. ted.  
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APPENDIX A 
COMPARISON OF EXPANSION  REGION  THEORIES 
For t h i s  s t u d y ,  i t  was  assumed t h a t  P r a n d t l  Meyer r e k t i o n -  
s h i p s  a p p l y  f o r  c o m p u t i n g  t h e  l o c a l  f l o w  p r o p e r t i e s  o f  p r e s s u r e ,  
t empera tu re ,  and  ve loc i ty  in  expans ion  r eg ions  o f  t h e  f u s e l a g e .  
However, because  expanded  f low  over  a c o n i c a l  body d o e s  r e s u l t  i n  
v o r t i c e s ,  f l o w  s e p a r a t i o n  a n d  f l o w  r e - a t t a c h m e n t ,  P r a n d t l  Meyer 
p r o p e r t i e s  may y i e l d   o p t i m i s t i c   h e a t i n g   r a t e s .   T h e r e f o r e   t o   d e t e r -  
mine the degree or'  op t imiza t ion ,  t he  more  conse rva t ive  theo ry  o f  
a s suming  tha t  t he  f low does  no t  expand  was used t o  g e n e r a t e  h e a t  
t r a n s f e r  c a e f f i c i e n t s  and h e a t i n g   r a t e s .   T h i s   a s s u m p t i o n  of no 
expansion i s  s i m i l a r  t o  s t a t i n g  t h a t  t h e  f l o w  p r o p e r t i e s  o f  p r e s s u r e  
t e m p e r a t u r e  a n d  v e l o c i t y  a r e  e q u a l  t o  t h e  f m e  s t r e a m  s t a t i c  prop21" 
t i e s .  
Table A p re sen t s  t he  r e su l t i ng  d i f f e rence  in  hea t  l oads  to  the  veh ic l e ,  
hydrogen flow rate requirements and system weights as a result of t h e  two methods. 
As can be seen from the  tab le ,  the  overa l l  sys tem performance does vary with t h e  
method used. Hence , i n  a more detai led analysis  , a better approximation of the 




COMPARISON  OF  COOLING SYSTEM DATA  FOR  EXPANDED  FL9W  AND UNEXPANDD FLOW 
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Unexpanded  Expanded Unexpanded 
(lb/Hr ) 
0.09 47 47 




3,116 11,123 6.03 
7,044 6,255 13.55 
17,131  17,131 32.90 
1661 
11.41 5938 5909 
31.02 16,114  16,114 
10.54 
3,210 1,061 6.18 
6,135  3,651 11.81 
2,711  1,363 5.22 
8,327 8,327 16.02 
5,475  2,734 
3.27 
82,856 70,798 159.45 
1.698 1,144 
1. Hydrogen  Temperature is 400°F 
2. Hydrogen  Outlet  Temperature From Heat  Exchanger is 150°F 

















HEAT LOAD BREAKDOWN FOR SHIELDED SYSTEM 
For a r a d i a t i o n  s h i e l d e d  v e h i c l e . ,  it i s  i n t e r e s t i n g  t o  compare 
the  r eh t ive  magn i tudes  o f  t he  hea t  l oad  f rom the  unsh ie lded  sec t ion  
t o   t h e   h e a t   l o a d   f r o m   t h e   s h i e l d e d   s e c t i o n .   T a b l e  B p r e s e n t s   t h e s e  
ind iv idua .1   hea t   l oads   fo r  a. 200°F rad ia t ion   sh ie lded   sys tem.   Both  
t h e  8 0 0 ' ~  system and l O O O O F  sys tem are  presented .  
For t h e  un h ie lded  vehic le  approximate ly  60. x lo6 BTU/Hr o f  
t h e  t o t a l  136 x 10 BTU/HR were  accoun tab le  to  the  r eg ion  of t h e  
v e h i c l e  t h a t  o p e r a t e s  a t  tempera. tures   in   excess  of 1000'F. By u s i n g  
a n  a . i r  ga.p sys tem wi th  an  inner  wa.11 e m i s s i v i t y  of' 0.2 a,nd an o u t e r  
w a l l  e m i s s i v i t y  of 0.8, t h e  he t 1oa.d a c c o u n t a b l e  t o  t h e  s h i e l d e d  
reg ion  i s  reduced t o  5.64 x 10.. 8 S i  c e  t h i s  v a l v e  i s  r e l a t i v e l y  
sma.11 when compa.red t o  t h e  79.21 x log BTU/hr for t he  unsh ie lded  
reg ion ,  a f u r t h e r  i n c r e a . s e  i n  number o f  s h i e l d s  d o e s  n o t  r e d u c e  t h e  
to ta .1  sys tem hea . t  load  s igni f icant ly  hence  the  s l igh t  decrease  in  




HEAT  LOAD BREAKDOWN FOR A SHIELDED SYSTEM 
A i r  Gap 
One Shield 
Four  Shields 




HEAT LOAD, BTU/HR 
Unshielded 
6 
79.21 x 10 
79.21 
79.21 




5.64 x 10 6 
2.33 
0.84 




84.85 x 10 6 
81.54 
80.05 
40.19 x 10 6 
33.38 
30.37 
(1) Total Area i s  18,399 Ft 
(2 1 Total  Unshielded Heat L0a.d i s  136.4 x 10 
(3 )  Outer W a l l  Emissivity is 0.8  





In this section  the  methods  for  computing  the  surface normals and tangent  vectors  in 
the  direction of the  velocity  vector are described. A vehicle  angle of attack, a! , is the  para- 
meter which controls  the  vehicle  attitude. It is defined as the  angle  between  the  x-axis and 
the  velocity  vector. 
The  program  requires  that  the  streamlines  originate  from the stagnation  point and 
follow surface  lines  described by a constant  peripheral  angle, 9 , shown in  Figure 9. 
Classical  methods of vector  analysis  were  used  to  determine  the  surface  normals, 
surface  tangents, flow deflection  angles and drag  andlift component  angles. 
A .  SURFACE NORMAL 
A s  mentioned  previously,  the  leading  portion of the adsymmetric body is spherical. 
The  surface  normal  vector on the  sphere  can  be  expressed as a function of the  peripheral 
angle  and  an  azimuthal  angle, $ , shown  in Figure A-1, It should be noted that  the  azimuthal 
angle is defined from  the  stagnation point  and  not from  the body centerline. 
The  expression  for  the  unit  surface  normal on the  spherical  section is 
N = cos $ i - sin C sin $ j + cos 9 sin JI - a a 
S 
For the fuselage section,  the  computer erects surface  normals  from  the  coordinates 
of the  surface input  to the  program.  Figure A-1 shows a typical  section  that  can  be 
analyzed.  The  numerical  symbols shown in  Figure A-1 represent  the  input and the  alphabetic 
symbols  represent  the output  points. 
The  outward  pointing  normal  for  point B can  be  obtained by the  cross product of the 
unit vector, 2-5, and unit vector, A-C. The  unit  vector  from 2-5 can  be  represented as 
A a -. 
or  - a 2 -L 
U = A 2 , 5 i + B   j C 2 , 5  k 
295 2 9 5  
(A-3) 
where A 
respectively.  The  unit  vector  from A to  C  can  be  represented as 




SIDE VIEW OF SPHERICAL  NOSE 
m Constant 4 Lines 
Input  S ta t ions  
Output  S t a t i o n  
TYPICAL FUSELAGE SECTION 
Figure A - 1 .  .General Axisymmetric Body 
or  
if the  direction  cosines of the  vector are used.  The  unit  normal  vector then becomes 
-L -L -L 
N~ = C B 2 , 5   C C , A - B C , A ' C 2 , 5 . ]   - A 2 , 5 C C , A  J + A 2 , 5  B k  C , A  
or  
N = A  i + B   j + C N B k  
B NB  NB 
where 
ANB' BC,A '2,5 - B2, 5 'C,A 
B ~ ~ =  - A 2 ,  5 ' c ,  .A 
'NB' A 2 ,  5 BC,A 
are the  direction  cosines of the  outward  pointing  normal for point B. 
B. VELOCITY VECTOR 
Assuming  the  viewpoint of a stationary  vehicle and a moving  environment,  the free 
stream unit  vector,  assuming  zero  yaw, is given by 
A 
V = c o s  a! i + s i n  a! k 
a 
(A-9) 
for the  section of the  vehicle  aft of the first axial  section.  Since an angular  rotation of 
the  nose  section is similar  to  an  increase  in  the  angle of attack,  the free stream velocity 
vector for the  nose  section  can  be  represented as 
V = c o s ( a  + p ) i + s i n ( c t  + P ) k  
A a 
S (A-10) 
where p is the nose dip angle. The sign convention of a! and fl is shown in Figure A-1, 
The  unit  vector  normal  to  the  velocity  vector  in  the x-z plane  can  be  written as 
z 
V N = - s i n ( a ! + P ) i + c o s ( a ! + p ) k  
A a 
(A-11) 
This  vector is required  in a subsequent  section  for  computation of the lift components. 
C. TANGENT VECTOR 
The  surface  tangent  vector  in  the  direction of the   f ree  stream velocity  vector is 
requi red   for   the   purposes  of evaluating  the  skin  friction  l if t   and  drag on the  vehicle.  The 
tangent  vector  can be wri t ten   as   the   t r ip le  cross product 
T = N  x V x N  (A-12) 
Writing  this in terms of the  normal   vector   direct ion  cosines   and  the  veloci ty  vector 
direction  cosines,  the  following  equation  is  obtained 
2 1 1 cos a + CNB (CNB cos  
- [ ANB BNB cos - 'NB B~~ s in  
L 
where = a+ p if it is the f i rs t   axial   s ta t ion o r  
a' = a if i t   i s   the   general   fuselage.  
It should be  noted  that  the  tangent  vector is not  a  unit  vector. 
D. FLOW  DEFLECTION ANGLE 
Once  the  outward  pointing  unit  normal  has  been  determined,  the  complement of the 
local flow deflection  angle  can  be  determined by the  dot  product of the  velocity  vector  and 
the  outward  pointing  normal.   Therefore,   the flow deflection angle for point B becomes 
-1 6 = cos B cos 0) + c sin  N B  3 
where a s  before 
I 
a = a+ p for  the f i rs t  axial  s ta t ion 
l 
and a = a for   sec t ions   a f t  of the first axial  station. 
The  flow  deflection  angle on the  spherical   nose  section  can  be  writ ten  as 




since  the  definition of # i s  with  respect  to  the  stagnation  point. 
.APPENDFX D 
DETERMINATION OF LOCAL FLOW FIELDS 
Determination of the  local flow field  parameters, i.e., pressure  temperature and 
velocity is requisite  to  evaluation of the  local  heat  transfer  coefficient. However, the 
flow field  surrounding  a  vehicle in hypersonic  fiight is dependent  on the  geometry of the 
vehicle, i.e., the  presence of blunt  leading  edges  tends  to  increase  static  temperature 
and  pressiire and decrease.  velocity at the boundary layer edge. This  effect which may 
extend  maiiy  diameters  downstream  can  cause a substantial  decrease (30 to 40%) in 
aerodynakic  heating  rates. 
Nose  bluntness effects a r e  dependent on the  vehicle  configuration, Mach number, 
Reynolds dhmber, wall cooling, and total enthalpy (real gas effects). Two limiting  cases 
are immediately  recognized. A good estimate of the  upper bound on  heating  can  be ob- 
tained by assuming  sharp body values  for  local  velocity and  enthalpy.  Conversely,  the 
lower  limit is obtained by assuming  all of the fluid in the  boundary  layer  has  passed 
'through a normal  shock in computing  local flow properties.  The flow conditions at the 
boundary layer  edge  are  then obtained assuming an isentropic  expansion  from  the  stag- 
nation  to  the  local  pressure.  This  approach is restricted  to  equilibrium or  frozen  flows. 
For  this  study  a  sharp  nose  was  assumed. 
A. LOCAL PRESSURE 
The  local  pressure on the  spherical  nose is determined on the  basis of modified 
Newtonian Impact  theory  (Reference 24). 
(A-16) 
where,  for  ideal  air ( y = 1.4) and M Q) > 1; the  stagnation  line  pressure  ratio is: 
5=(T) ( 6
5 7 M: - 1  
Po 2 
(A -1 7) 
Pressures  aftofthe  nose  are  predicted  using  the  conical flow relationships.  The 
pressures   are  computed on the  basis of real  gas attached  oblique  shock  relationships. 
For  a  compression  surface, i.e., positive flow detection  angle,  the  pressure  is given  by: 
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1 = 1 + (7.514413 x 10-4 6 + 1.297185 x 6 i2  - 6 . 4 0 4 0 4 2 ~ 1 0 - ~  bi ) M 
3 2 
P- 2 
p, + (1.407469 x 6 + 7.4188 x lom5 62 + 1.65909118 x b i  ) M, 
+ (-5.826122 x 6 + 1.3609318 x 6i2 -6.186875  x d i  ) M, (A-18) 3 
and 6 is limited  to  the  maximum  angle  for  shock  attachment  defined by: 
57.5 + 2.43 (M, -1) 
1 + 0.498 (M, -1) + 0.599 (M, -1)2 6 max 
= 57.5 - (A -1 9) 
In  expansion  regions,  the  pressure is determined  employing  Prandtl-Meyer  relationships. 
The  f ree  stream Prandtl-Meyer  expansion  angle is given  by: 
= 130.454 - + 73.583201 (M, -1) voo 
(M, -1) + 0.256995 (Moo -1) 
and the  local  Prandtl-Meyer  expansion  angle  is 
(A -20) 
v i  = v, - (A-21) 
Employing  this  expansion  angle,  the  local  mach  number  can  be  espressed  as 
0.712583 V i  - 17.898057 + Vi - 0.540693 V i  2 
Mi = 1.0 + . - - - - - - (A -22) 
68.388422 - 0.524234 V i  
Assuming  that  isentropic  relationships  apply,  the  pressure  can  then  be  written as: 
3.5 
(A-23) 
B. LOCAL  TEMPERATURE 
The  local  temperature  is  computed on the  basis of attached  oblique  shock  relation- 
ships  corrected  for  real  gas  conditions.  The  expression  for  local  temperature on the 
compression  surface  is:  
2 = ’1.0 + (2 72222x 6 i  + 2.8888 x 10-56 ) M, T. 2 
Too 
+ (2.2222 x 6 + 6.08889 x 6 ) M, 2 2 
(A -24) 
F o r  an expansion  region,  the  local  temperature  is  given by: 
173 
T. 2 = 5.0 + M, 
T, 5.0 + Mi2 (A-25) 
where Mi is given by equation (A-22). 
C. LOCAL  VELOCITY 
The  local  velocity is also  computed  using  attached  oblique  shock  relationships.  The 
equation  corrected  by real gas conditions is 
3 = 1.0 + (4.9592 x 6 i  - 2.0324 x 6 i2)  
vca 
- (1.352552 x tii - 5.2944 x tji )/M- 
+ (1.63007 x 10-26i  - 1.21259 x 6i2) M 2 
2 
(A-26 ) 
In  an  expansion  region  the  local  velocity is predicted  using  Prandtl-Meyer  relation- 




Aerodynamic  heat  input is a function of trajectory and external  geometry of the  vehicle, 
i.e., altitude,  velocity,  angle of attack and radius of curvature  at  the  stagnation point. The 
problem of predicting  heat  flux  to  the  stagnation  point of spherical  bodies,  the  chordwise  heat 
flux  distribution  over  the  nose and wedge surfaces,  has  been  the  subject of numerous  investi- 
gations. In general  the  theories developed for  predicting  heat  flux  distribution  are  based on 
knowledge of flow conditions;  however, an exact  definition of flow conditions  around a three- 
dimensional  blunt body is quite  complex.  The  existence of shock  boundary  layer  interaction 
and the  blunt  nose  induced  vorticity effects at hypersonic  speeds  complicate  the  problem con- 
siderably.  However,  recent  attempts  have  been  made  to  accound  for  these  effects. A discus- 
sion of the  methods  used  for  predicting  the  aerodynamic  heat  input  to  the  fuselage is presented 
in  this  section. 
The  prediction of heating rates in  the  leading  edge  region  has  been  divided  into two main 
parts: (1) the heat flux go at  the  stagnation  line, and (2) the  ratio q/qo aft of the  stagnation 
line.  This  allows  the  use of different  methods  for  each  part and provides  greater  overall 
accuracy. 
A .  LAMINAR  FLOW 
A t  the  stagnation  point,  heat  fluxes are predicted  for a laminar  nose  using  the method of 
Reshotko and Cohen (Reference 7 ). Although this method is based on simpler  assumptions 
than the  theoretically  more  exact method of Faye and Riddell  (Reference 25)  comparisons have 
shown that  the two agree within 10%  for all practical  conditions.  The method of Reshotko and 
Cohen has  been  further  simplified  at  Bell  Aerosystems  (Reference 26 ) until  the  final expression 
for  the  heat  transfer  coefficient is 
The  parameter ( N u / r  ) is obtained from  Reference 7 and is shown in  Figure A - 1  for 
air. The  parameter k w / F w  is illustrated graphically in Figure A-3. The velocity gradient 




The  variation of the  laminar  heating rate aft of the  stagnation point is known less accu- 
rately. A method derived by Lees,  Reference 8 , allows  the  prediction of heating rates to a 
spherical  nose  for  laminar flow and involves a continuous integral  from the  stagnation point 
to  the  point  in  question. Fo r  a two-dimensional  body, the  applicable equation is 
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-2/3 Pa va q = 0.51 P R (Ho - Hw) d w  
0 
(A -29) 
In this equation, H is the  enthalpy and S the   arc  length from  the  stagnation point. The 
solution of Lees is employed herein as a ratio of local  heat  flux  to  stagnation  heat  flux, q/qo , 
which allows  the use of the  more  accurate method of Reshotko  and  Cohen at the  stagnation 
point. 
Knowledge of the  heating rates is far more advanced  than  knowledge of the flow condi- 
tions on which the  heating  rates are based. Methods  which  apply at low supersonic  speeds 
have  been found to   be highly inaccurate at hypersonic  speeds, when shock-boundary layer 
interaction and blunt  leading  edge effects produce  substantially  higher  pressures  than would 
normally  be  expected.  The  method  used  herein  does not account  for  these  effects. 
B. TURBULENT HEAT FLUX DISTRIBUTION 
The  turbulent  heat flux  distribution is computed  by a relationship  outlined by Bertram 
and  Neal  (Reference 9) using  the Von Karman  form of the  Reynolds  analogy  employing  the 
Spalding  and  Chi  skin  friction  function  (Reference 10). 
The  turbulent  flat  plate  convective film coefficient i s  
(A-30) 
the parameter F is obtained from the equation C 
The  parameter  CF i.e., the skin friction coefficient, is 
Figure A-2. N u / F w  versus Wall  Temperature Ratio for Stagnation Point 
Heating  on  a  Sphere  and a  Cylinder 
Figure A-3. K,/ p versus Wall Temperature for Stagnation Point Heating 
on a  Sphere and a Cylinder 
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L 
Figure A-4, Stagnation Point Flow Velocity Gradient versus Mach Number 
I -  
The  parameter FR is a postulated  function  based on the  Reynolds  number which was 
f i t  to  experimental  data  by Spalding  and  Chi. The  resultant  expression  yields a least mean 
square  error  of. 9.9% over a Mach number  range of 0 to 12. The equation for FR is: 
(A -33) 
The  theory of Betram and Neal  is for a flat  plate  and  does  not  account  for  thinning of 
the  boundary  layer  due to geometry.  However, it is known that a cone at zero  degrees  angle 
of attack  has a constant  surface  pressure  from  inviscid  analysis;  therefore, it is reasonable 
to  assume  that  similar  relations exist for  the  cone as for  the flat plate. U s e  of the  Mangler 
Transformation on this equation results  in a multiplicative  factor of approximately 1.15 
times Equation (A-30). 
To  evaluate  the  heat  transfer  coefficient, it is necessary to iterate on both  the  wall 
temperature and the  heat  transfer  coefficient  since  the  function, FC, depends  on  the  wall 
temperature.  For  proper  convergence of the  heat  transfer  coefficient,  the  inverse  sine in 
the equation for  FC  must  be  evaluated  in  the  proper  quadrant.  The  proper  quadrant  in which 
to  evaluate  the  inverse  sine is shown in  Figure A-5 reproduced  here  from  Reference 9 .  The 
present  computer  program  has  the option of either  evaluating  the  heat  transfer  coefficients 
using a wa l l  temperature  equal  to  the  radiation  equilibrium wal l  temperature o r  at  a 
specified wall temperature. 
C . TRANSITION 
It  is of utmost  importance to predict  the  onset of turbulent flow because of the increased 
heating rates which occur  due  to  the  turbulent  action.  The  onset of transition  from  laminar to 
turbulent flow may be computed on the  basis of the  streamwise Reynolds  number  defined by 
the  equation 
(A -34) 
where X is the  surface  distance  from  the.  stagnation  point. 
If the  value of the  Reynolds  number is less than 1.0 x lo5 ,  the flow is  assumed to  be 
fully laminar,  whereas if the  value  is  greater than 1.0 x lo6 ,  the flow is assumed to be  fully 
turbulent.  The  region  between 1.0 x lo5 and 1.0 x lo6 is denoted as the  transition  range and 
both  the laminar and the  turbulent  parameters  are  computed. 
D. RECOVERY  TEMPERATURE 
The  forcing  function  used  to  compute  the cold wal l  heating rates is the  local  recovery 
temperature, i.e., the  adiabatic wall  temperature.  This  value is somewhat less than  the  total 
Figure A-5. Quadxant.  Evaluation for Inverse Sine Function versus Temperature 
Ratio and Mach Number 
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o r  stagnation  temperature.  In fact, the  recovery  temperature.can  be  written  in terms of the 
stagnation  temperature 
T R = T   + r ( T o - T 6 )  
6 (A -3 5) 
2 
C dt=- (A -3 6) 
Figure A-6 is a plot of To - T versus Va based on the following equation for  the 
specific  heat which assumes no dissociation. 
(A -37) 
The  local  recovery  factor on the  hemispherical  nose  varies with the  chordwise  loca- 
tion. This  variation of the  recovery  factor may be  approximated by 
2 r. = cos tl + r sin tl 2 (A-38) 
1 
For flow over the  upper and lower  surfaces  the  recovery  factor  is defined as 
r i =K 
for  laminar flow and 
3 
r. 1 = 6 
for  turbulent flow. 
E. HEATING RATES AND RADIATION EQUILIBRIUM TEMP. 
Subsequently,  the wal l  heating rate is calculated from 
(A -3 9) 
(A -40) 
s = H ( T  - T  ) r w  
(A -41) 
L ~. " 
Figure A-6. Stagnation Temperature  Rise  versus Velocity 
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and the  radiation  equilibrium wall temperature is determined from solution of thelocal  heat 
balance: 
C E  T - h ( T r - T  ) = O  
4 
0 \v w (A -42) 
It should be noted that  the  methods  described above presume  that  strip  theory is 
applicable, i.e., the  effect  in  streamwise  divergence is negligible. 
It is also noted that  previous  studies  have  indicated  that at zero angle of attack  the  theory 
presented  herein somewhat overpredicts  the  heat  fluxes. However, at an angle of attack of 
E o ,  experimental  data are correlated  quite well. (Reference 28). 
APPENDIX F 
TRANSPIRATION COOLING 
Transpiration cooling is a function of many of the same  parameters  as  aerodynamic 
heating. It is a means of cooling  an  aerodynamic  surface by injecting a cool  fluid  with 
a high specific  heat  into  the  boundary  layer.  The  injection  performs two functions: 
(1) it removes  heat by an  increase  in  internal  energy of the  fluid  and (2) it thickens  the 
boundary layer,  thus  reducing  the  aerodynamic  heat input. 
The  coolant flow rate  on a turbulent  flat  plate is predicted  using  the  method  out- 
lined by Spalding, Auslander and Sundaram  (Reference 14) which will be referred  to  as 
Spalding's  method in this paper.  The  analysis is an extension of the  work by Spalding and 
Chi  (Reference 10) for a turbulent  boundary  layer on a hot plate without mass  transfer. 
The postulated functions F , F and F are extended to include the effects of mass 
transfer in  the  form of B ?the%riving%rce for  mass  transfer. 
U 
The  driving  force  for a chemically  inert  coolant  in  terms of enthalpy  may be ex- 
pressed as 
2 
where r. is the  recovery  factor  corrected  for  coolant  injection  defined in Reference 14, 
%AD ikthe radiation heat transfer rate, and is the coolant flow rate. 
Spalding, through  the  definition of the  driving  force,  Reynolds  analogy, and shear 
C 
stress has shown the flow rate can be obtained from following  equation 
wc = $  P a ,  v, 'F B' 
where  the skin friction  coefficient, CF, is obtained  from 
F k  
CF -  C - 
*C 
( A 4 5  
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F is obtained from  numerical  integration of 
C 
and F C is an  empirical  correlation. 
F C = 0.6481068 x (log (Re Fr))6 - 0.3022163 x lo-* (log (Re F,)) 
c f  
5 
+ 0.5865427 x (log (ReFr))4 - 0.6088122 x (log (ReFr)) 
+ 0.3591133 x 10-1 (log (ReF,)? - 0.11591655 (log (Re F,)) + 0.1658620 (A-47) 
RX is given by 
c f  3 
where F 
FRX =(*) PC (1 + 1 
Unfortunately,  the above equations  must be solved  simultaneously  rather  than  sequentially 
as  indicated  in  Reference 18. Since  the surfaces are conical,  the  Mangler  Transformation 
was employed;  thus  Equation  (A-44) was  multiplied by 1.13. 
The flow rate on a laminar flat plate is obtained by employing  the  same  method as  
the  turbulent  flat  plate with the  skin  friction coefficient  modified for  laminar flow. 
Since  the  wall temperature would be cooled to a constant  temperature and the blowing 
function is nearly a constant, C is the only parameter in  Equation  (A-44)  that  depends 
on the  type of flow. Spalding  showed that  transpiration  reduces the skin  friction  coefficient 
in  turbulent flow, and this  analysis  assumes  that a siwilar  reduction  results  in  laminar 
flow. The  skin  friction  coefficient is obtained by ratioing  the  Blasius  laminar value to 
the  Blasius  turbulent  value by the  relationship 
F 
'FL 11.25 - = -  
'FT Reos3 
(A -6 0) 
On the  hemicylinder the pressure and velocity,  which  Spalding assumed to be constant, 
vary with circumferential location.  However,  Spalding suggests  that his  procedure  can 
be  extended to regions of moderate  variations of stream velocity by using  an  integrated 
Reynolds  number as suggested by Ambrok  (Reference 11). Initial  solutions  indicated  that 
this technique results in an  unrealistic  trend near the  stagnation  point, i.e., within 30' 
of the  stagnation point. Therefore,  for this region,  the  curves of flow rate and heat  flux 






VAMIC STRUCTURAL LOADS 
The  aerodynamic  forces on the wing are a summation of the  pressure and viscous 
shear-forces.  These  forces are pres'ented  in  the  dimensionless  form of lift and drag 
coefficients.  The lift is based  upon a lateral projected area and  the drag is based upon 
a frontal  projected area. The relative direction of lift is normal  to  the free stream 
veclocity  vector  and  the relative direction of drag is parallel  to  the free stream velocity 
vector. 
A. DRAG 
The  component of pressure  forces  that  contribute to the  drag  coefficient are obtained 
by the  vector dot product of the  inward  surface  normal and the free stream velocity  vector. 
The  differential  drag  coefficient is then  obtained by: 
where N is  the  unit  vector  normal  to  the  surface; V is the  unit  velocity  vector, dA is 
the unit width area of the i th element; A is  the planform area of the vehicle and q 




q, = - Pw VCO 
(A-52) 
(A -5 3) 
The  toal  pressure  drag  coefficient is obtained by integration of the  differential 
drag  coefficients, i.e., 
(A-54) 
The  viscous  shear  forces are expressed in  the  dimensionless  form of the  skin 
friction coefficient, C As described in a previous section, the skin friction coefficient 
is determined  using  the  method of Spalding e t  al. F' 
The  viscous  forces  that  contribute  to  the  drag  coefficient are obtained by the  vector 
dot  product of T,  the  unit  vector  tangent to the  surface and V the  normal  to  the free 
stream velocity  vector.  The ith element  drag  coefficient  due to shear  force is then N' 
\ 
(A-55) 
The  total  drag  coefficient is  given as 
‘D = ‘DP i- ‘DS (A -5 6 )  
B. LET 
Similarly the lift  coefficient  is. obtained from  the  following  equation 
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